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Quality improvement is a personal choice and requires commitment.  
This text is designed to teach tools and techniques that can enhance a 
person’s ability to do his or her job. By focusing on improving quality, 
productivity, and financial results, this text provides the knowledge and 
skills valued by organizations throughout the world. Real-life examples 
from real people teach and explain a wide variety of improvement 
methods, including control charts, statistics and probability, problem-
solving, failure modes and effects analysis, reliability analysis, and 
an introduction to design of experiments. Also covered are ISO 9000 
and Six Sigma. Examples from a wide variety of industries including 
hospitals, manufacturing, the building trades, and government show how 
quality and productivity improvement tools and techniques can apply to 
any environment. The feature, Real Tools for Real Life, weaves quality 
experiences at a manufacturing company throughout the text.

Updates include:
• Updated ISO 9000 coverage
• Increased focus on Six Sigma
• Expanded topic coverage
• Reorganized chapters 
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■ Formulas
Average and Range Charts

X chart:

 X =
am
i = 1

Xi

m
 UCLX = X + A2R

 LCLX = X - A2R

R chart:

 R =
am
i = 1

Ri

m
 UCLR = D4R
 LCLR = D3R

Revising the charts:

 X = Xnew =
am
i = 1

X - Xd

m - md

 UCLX = X0 + As0

 LCLX = X0 - As0

 s0 = R0/d2

 Rnew =
am
i = 1

R - Rd

m - md
 UCLR = D2s0
 LCLR = D1s0

Average and Standard Deviation Charts

X chart:

 X =
am
i = 1

Xi

m
 UCLX = X + A3s
 LCLX = X - A3s

s chart:

 s =
am
i = 1

si

m
 UCLs = B4s
 LCLs = B3s

Revising the charts:

 X0 = Xnew =
am
i = 1

X - Xd

m - md

 s0 = snew =
am
i = 1

s - sd

m - md

and
 s0 = s0/c4

 UCLX = X0 + As0
 LCLX = X0 - As0

 UCLs = B6s0
 LCLs = B5s0

Fraction Nonconforming (p) Chart

 p =
np

n

 Centerline p =
an
i = 1

np

an
i = 1

n

 UCLp = p + 3 
2p(1 - p)2n

 LCLp = p - 3 
2p(1 - p)2n

Revising:

 p
new

=
an
i = 1

np - np
d

an
i = 1

n - n
d

 UCLpnew
= pnew + 3 

2pnew(1 - pnew)2n

 LCLpnew
= pnew - 3 

2pnew(1 - pnew)2n

The process capability of the revised chart is the newly calculated 
pnew :

nave =
an
i = 1

n

m

Number Nonconforming (np) Chart

 Centerline np =
an
i = 1

np

m

 UCLnp = np + 32np(1 - p)

 LCLnp = np - 32np(1 - p)

Percent Nonconforming (100p) Chart

The centerline for a percent nonconforming chart is 100p.

 UCL100p = 100 cp +
32p(1 - p)2n

d

 LCL100p = 100 cp -
32p(1 - p)2n

d

Count of Nonconformities (c) Chart

 n = 1

Centerline c =
an
i = 1

c

m

 UCLc = c + 32c

 LCLc = c - 32c

Revising:

 Centerline cnew =
an
i = 1

c - cd

m - md

 UCLcnew
= cnew + 32cnew

 LCLcnew
= cnew - 32cnew

Nonconformities per Unit (u) Chart

 n 7 1

 u =
c
n

 Centerline u =
an
i = 1

c

an
i = 1

n

 UCLu = u + 3 
2u2n

 LCLu = u - 3 
2u2n
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v

NEW TO THIS EDITION
The following is a list of key changes that have been made 
to this edition:

 j Significantly Updated ISO 9000 material
 j Increased focus on Six Sigma
 j Expanded chapter topic coverage
 j Reorganized chapters
 j Updated examples
 j Updated verbiage
 j New chapter problems
 j New PowerPoint presentations for each chapter

To ensure appropriate topic coverage, the material 
covered has been selected based on the Certified Quality 
Engineer certification available through the American Soci-
ety for Quality. As an additional check, the material in this 
text has been reviewed by members of industry.

KEY FEATURES OF THE TEXT
The unique features of this text were designed to develop 
a greater understanding of the complexities of quality 
improvement efforts. The use of comprehensive exam-
ples and case studies continues to be the book’s strongest 
 feature. Taken from real-life situations, these examples and 
cases support learning by asking readers to consider the 
application and interpretation of the quality assurance tech-
niques they have studied.

There are four key features of this text:

1. Emphasis is placed on the practical application of 
quality principles; process improvement and reduction 
of variation serve as the underlying themes.

2. Emphasis is also placed on the interpretation, under-
standing, and use of quality principles and concepts 
throughout the problem-solving process.

3. Detailed examples and case studies from a wide variety 
of industries, based on real-life situations, provide the 
student with an understanding of the knowledge and 
effort necessary to solve quality problems.

4. Within each chapter, continuity in student learning 
is maintained through the use of certain elements—a 
list of learning opportunities, italicized key words and 
concepts, integrated examples, a summary of lessons 
learned, formula summaries, and case studies.

While waiting my turn at the dentist’s office, I busily marked 
up a copy of the fifth edition of this text in preparation for 
a new edition. Much to my surprise, a woman scolded me 
for writing in a book. To no avail, I tried to explain that it 
was my book, meaning not only did I own it but I wrote it. 
Instead she continued to lecture me on the perils of defacing 
a book. The experience caused me to think about quality 
improvement and how we relate to it. Quality improve-
ment is a personal choice and requires commitment in the 
face of opposition. This book is designed to teach tools and 
techniques that can enhance your ability to do your job. So 
read the text, highlight it, circle key ideas, mark it up, make 
quality your own. Use it to make yourself a success. Can 
you think of a single organization that would not be inter-
ested in improving quality, productivity, financial results, 
and safety? It would be a rare company indeed that did not 
value these types of improvements. This text uses real-life 
examples to teach and explain a wide variety of improve-
ment tools. Contributors have a variety of responsibilities 
and experiences: engineers, business managers, quality 
assurance professionals, program and project managers, 
distribution and warehousing managers, utility distribu-
tion managers, and safety professionals. The industries they 
represent are just as diverse: government, utilities, building 
trades, manufacturing, armed forces, hospitals, and even 
the ballet. Although the names have been changed, only 
minor modifications have been made to make it possible 
to use their experiences as teaching examples.

HOW THIS BOOK DIFFERS FROM 
OTHERS ON THE MARKET
While no text can be all things to all readers, this text pro-
vides insightful case studies, clear explanations of popu-
lar quality tools and techniques, plentiful illustrations to 
support explanations, and subject matter relevant to the 
challenges faced by today’s organizations. This text uti-
lizes industry examples in each chapter to enhance readers’ 
understanding of the mechanics of the tools. As a way of 
linking ideas and training, woven throughout the chapters 
are the adventures of JRPS.

Also included are example problems titled Real Tools 
for Real Life. Less mathematically detailed, yet more com-
prehensive, Real Tools for Real Life examples provide 
insight into how a combination of quality tools and tech-
niques may be applied to resolve a customer issue. These 
examples complement the learning through applications 
theme of the text. 

PREFAcE
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vi Preface

ISBN, or by selecting the appropriate discipline from the 
pull-down menu at the top of the catalog home page. To 
access supplementary materials online, instructors need 
to request an instructor access code. Go to http://www 
.pearsonhighered.com/irc then click Request access for an 
instructor access code. Within 48 hours after registering 
you will receive a confirming e-mail including an instructor 
access code. Once you have received your code, go the site 
and log on for full instructions on downloading the materi-
als you wish to use. One-time registration allows unlimited 
access to all instructor resource materials.

A Student Solutions Manual containing worked solu-
tions to selected end-of-chapter problems is available at 
http://www.pearsonhighered.com/careersresources/

SOFTWARE AND THE USE 
OF cOMPUTERS
In Chapters 4, 5, 6, 7, and 8, the creation of control charts 
and histograms is taught. To provide students with the 
opportunity to work realistic problems containing lots 
of data, purchasers of this text may want to use one of 
the many fine software programs on the market. Most 
companies offer free trial periods that will work well in a 
classroom setting. Software is not included with this text 
because most organizations will have their own software 
that employees will use. Also, each instructor will have 
their own software preferences.

AcKNOWlEDgMENTS
Without the help and insight of my students and the peo-
ple who hire them, this text would not have been pos-
sible. I would like to express my sincere appreciation to 
all. Their input has been invaluable. I would also like 
to give a very heartfelt thanks to the individuals who 
contributed to the examples, cases, and Real Tools for 
Real Life examples: Mary Beth Barrentine, Amy Brown, 
Erich Eggers, Holly Fabry, Chris Honious, and Mike 
Monnier. I am grateful for the support of Karl Summers, 
without you this text would not have been possible. I 
would also like to extend my thanks to my editors at 
Pearson and; finally, to the reviewers, Mahmoud AlOdeh, 
Bemidji State University; Gerald Cook, Deleware Tech-
nical Community College; Gary Maul, Otterbein Uni-
versity; Charles O’Lari,  Quinebaug Valley Community 
College; and Christo  Robberts, University of Minnesota 
Crookston.

ORgANIZATION OF THE TEXT
The text is divided into four parts: Setting the Stage, Con-
trol Charts for Variables, Control Charts for Attributes, 
and Expanding the Scope of Quality. The first part, Set-
ting the Stage, includes Chapters 1, 2, 3, and 4. Chapter 
1, Quality Basics, introduces quality definitions and con-
cepts. Chapter 2, Quality Advocates, presents information 
about the individuals who shaped the quality movement in 
the United States and abroad. Chapter 3, Quality Systems, 
introduces ISO 9000, Six Sigma, and the Malcolm Baldrige 
National Quality Award. Chapter 4, Quality Improvement: 
Problem Solving, provides the student with a foundation in 
quality problem solving.

The second part, Control Charts for Variables, begins 
with Chapter 5, a review of statistics. This statistical 
background prepares readers for Chapters 6, 7, and 8 on 
control charts for variables, process capability, and other 
variable control charts.

The third part, Control Charts for Attributes, begins 
with Chapter 9, a review of probability. Chapter 10, 
Quality Control Charts for Attributes, presents p, c, and 
u charts.

Extending the discussion of basic quality concepts, the 
fourth part encourages the reader to examine other areas 
beyond traditional control charts. Expanding the Scope of 
Quality comprises Chapters 11 through 15. In these chap-
ters, the concepts of reliability, design of experiments, 
quality function deployment, failure modes and effects 
analysis, quality costs, product liability, benchmarking, 
and auditing are all introduced.

The book concludes with six appendices—dealing 
with values for the area under the normal curve; factors 
for computing X, s, and R charts; values of t distribu-
tion, binomial and Poisson probability distributions; and 
a list of helpful websites—a comprehensive glossary; and 
a bibliography.

SUPPlEMENTARY MATERIAl
Significantly updated, the instructor’s manual is divided 
into three sections. The first includes solutions to selected 
end-of-chapter problems. The second section provides 
sample answers to the case studies. The third section pro-
vides sample test questions for each chapter as well as the 
answers to those questions.

The online instructor’s manual and PowerPoint files 
are available to instructors at http://www. pearsonhighered.
com/irc. Instructors can search for a text by author, title, 
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C H A P T E R
O N E

MAJOR TOPICS
 j Why Quality?
 j Ingredients for Success
 j The Evolution of Modern Quality
 j The Future of Quality
 j What Is the American Society for 
Quality?

 j Summary
 j Lessons Learned
 j Chapter Problems
 j Case Study 1.1 Quality Evolution: 

Where Are They Now?

Quality Basics

The cartoon is meant to make us chuckle a little about 
the difficulties consumers can experience in commu-
nicating what they want. But when you take a closer 
look, it isn’t so funny. How can a company expect to 
stay in business if no connection is made between 
what the customer wants and what the company pro-
vides? This chapter begins the exploration of using 
quality improvement concepts to fulfill customers’ 
needs, requirements, and expectations.

q➛ L E A R N I N G  O P P O R T U N I T I E S

1. To develop a definition for quality

2. To understand the complexities of defining quality

3. To become familiar with differing definitions of quality 
from such sources as the American Society for Quality, 
Dr. W. Edwards Deming, Philip Crosby, and Armand 
Feigenbaum

4. To become familiar with the definitions of specifica-
tions, tolerance limits, inspection, prevention, quality, 
quality control, statistical quality control, statistical 
process control, total quality management, process 
improvement

5. To understand the differences between the philoso-
phies of inspection, quality control, statistical  quality 
control, statistical process control, total quality man-
agement, and continuous improvement, Six Sigma, 
and lean

6. To gain insight into the evolution of total quality man-
agement concepts

7. To understand the differences between actions neces-
sary in inspection, quality control, statistical quality 
control, statistical process control, total quality man-
agement, and continuous improvement

8. To understand that a variety of different approaches 
to organizing for quality exist, including standards like 
ISO 9000 and methodologies like Six Sigma and lean

Based on Don Kite, Parts Pups, Nov. 1971, and 
Reader’s Digest, October 1973.
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4 CHAPTER ONE

nonfaulty systems are error-free systems that have the ability 
to provide the consumer with a product or service as speci-
fied. Dr. Joseph M. Juran, in his book Juran’s Quality Con-
trol Handbook, describes quality as fitness for use. In his text, 
Quality Is Free, Philip Crosby discusses quality as conform-
ance to requirements and nonquality as nonconformance.

Quality can take many forms. The above definitions men-
tion three types: quality of design, quality of conformance, 
and quality of performance. Quality of design means that the 
product or service has been designed to successfully fill a con-
sumer need, real or perceived. Quality of conformance—con-
formance to requirements—refers to the manufacture of the 
product or the provision of the service that meets the specific 
requirements set by the  consumer. Quality of performance 
means that the product or  service performs its intended func-
tion as identified by the  consumer. Perhaps the most com-
plete definition is that by Armand Feigenbaum, author of 
Total Quality Control. He states that quality is a customer 
determination which is based on the customer’s actual expe-
rience with the product or service, measured against his or 
her requirements—stated or unstated, conscious or merely 
sensed, technically operational or entirely subjective—and 
always representing a moving target in a competitive mar-
ket.* Several key words stand out in this definition:

 j Customer determination: Only a customer can decide 
if and how well a product or service meets his or her 
needs, requirements, and expectations.

 j Actual experience: The customer will judge the quality 
of a product or service not only at the time of pur-
chase but throughout usage of the product or service.

 j Requirements: Necessary aspects of a product or ser-
vice called for or demanded by the customer may be 
stated or unstated, conscious or merely sensed.

 j Technically operational: Aspects of a product or service 
may be clearly identified in words by the consumer.

 j Entirely subjective: Aspects of a product or service may 
only be conjured in a consumer’s personal feelings.

Feigenbaum’s definition shows how difficult it is to 
define quality for a particular product or service. Quality 
definitions are as different as people. In many cases, no two 
customers will have exactly the same expectations for the 
same product or service. Notice that Feigenbaum’s defini-
tion also recognizes that a consumer’s needs, requirements, 
and expectations change over time and with different situ-
ations. Under some circumstances customer expectations 
will not remain the same from purchase to purchase or 
encounter to encounter. To produce or supply a quality 
product or service, a company must be able to define and 
meet the customer’s reasonable needs, requirements, and 
expectations, even as they change over time. This is true 
whether the product is tangible (automobiles, cell phones, 
or computers) or intangible (airplane schedules, hospital 

Why Quality?
Choices, choices, choices, today’s consumer is inundated 
with choices. Don’t like what you find in a brick and 
mortar store? Check on-line for a different style, size, or 
color. Need a doctor, lawyer, landscaper, electrician? Read 
reviews on-line before making your choice. Let’s face it, 
customers have so many choices in today’s marketplace, 
if they’re not impressed, they’ll go elsewhere. Given the 
myriad of choices available, companies and individu-
als providing products and services need to discover and 
implement methods that attract and retain customers. Pic-
ture an organization as a barrel that must be kept full of 
customers in order to stay in business. Each new customer 
is added into the top of the barrel. Unfortunately, for a 
variety of reasons, there are holes in the barrel through 
which customers escape, i.e., faulty construction, limited 
features, slow delivery, or poor value for the money. The 
organization has two choices, keep adding more customers 
to the top of the barrel or plug the holes. Wise companies 
find ways to retain their customers by plugging the holes.

Companies are always seeking an edge, something spe-
cial that will set them apart from the competition. Finding 
an edge isn’t easy; competition is present in every facet 
of providing a product or service. An organization’s very 
survival is based on their ability to do what they said they 
would do faster, better, and cheaper than anyone else. 
Whether they try quality management, Six Sigma, just-
in-time, lean, or other approaches, all organizations need 
individuals who have been taught a solid foundation in 
the fundamentals of improvement. The quality topics pre-
sented in this text comprise a set of statistical and problem-
solving tools that are equal to more than the sum of their 
parts. They provide users with the ability to improve the 
way an organization works. Your success in your own job 
will be based on your ability to find ways to design and 
implement improvements that will enable your organiza-
tion to do what they do faster, better, and cheaper. A tall 
order for most of us; fortunately, the tools and techniques 
taught in this text will help. Effective employees in effective 
organizations everywhere in the world are already using 
them. Steve Jobs, cofounder and CEO of Apple Computer, 
once said “Be a yardstick of quality. Some people aren’t 
used to an environment where excellence is expected.”

Henry Ford, American industrialist and founder of the 
Ford Motor Company, once said that “Quality means doing 
it right when no one is looking.” But what is quality? Can 
it be defined or is it a matter of knowing it when we see it?

The American Society for Quality defines quality as a 
subjective term for which each person has his or her own 
definition. In technical usage, quality can have two mean-
ings: (1) the characteristics of a product or service that bear 
on its ability to satisfy stated or implied needs and (2) a 
product or service free of deficiencies.

Many prominent professionals in the field have devel-
oped definitions of quality. Dr. W. Edwards Deming, well-
known consultant and author on the subject of quality, 
describes quality as nonfaulty systems. To Dr. Deming, 

*From Total Quality Control, 04e by Armand V. Feigenbaum. 
 Published by McGraw Hill, © 2005.
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care, or repair service). It is also true for service industry 
transactions, even when the customer participates by sup-
plying information or materials. Because of Feigenbaum’s 
broad emphasis on customer requirements, this text will 
use his description of quality as its guide.

iNgrEdiENts fOr succEss

Corporate Culture
Companies seeking to remain competitive in today’s global 
markets must integrate quality into all aspects of their 
organization. Successful companies focus on customers 
and their needs, requirements, and expectations. The voice 
of the customer serves as a significant source of informa-
tion for making improvements to a company’s products 
and services. A successful enterprise has a vision statement 
of how it sees itself in the future. This vision serves as a 
guide, enabling company leaders to create strategic plans 
supporting the organization’s objectives. A clear vision 
helps create an atmosphere within an organization that is 
cohesive, with its members sharing a common culture and 
value system focused on the customer. Teamwork and a 
results-oriented, problem-solving approach are often main-
stays in this type of environment.

Every organization has “the way we do things”: tried-
and-true activities and methods developed to support 
the functioning of the company, but what happens when 
things change and a new competitor or new technology or 
new owner shakes up the status quo? How the organiza-
tion adapts is crucial to its survival. Throughout this text, 
you’ll be reading about an organization called JR Precision 
Shafts (JRPS). JRPS manufactures large precision shafts for 
pumps, motors, and generators. In later examples, you will 
see how they apply the tools and techniques taught in this 
text to improve the way they do business.

First, some background about the company. Three 
years ago this company experienced a significant change in 
leadership when it was purchased by three partners. These 
three enterprising individuals honed their knowledge of 
quality tools and techniques at their former companies. The 
culture at JRPS has changed as the people in the organiza-
tion buy into the “Grow the Business” vision of the new 
owners. To support their vision, the new owners have 
implemented a strategic plan that integrates a two-pronged 

approach: growth by enhancing their current specialties and 
acquisition growth by branching out into other manufactur-
ing areas. Objectives to support these goals include utilizing 
quality and lean manufacturing methods, improving and 
standardizing processes, creating formal hiring and train-
ing systems, instituting a productive maintenance program, 
partnering with vendors, and enhancing technology usage.

Processes and Process Improvement
A process takes inputs and performs value-added activities 
on those inputs to create an output (Figure 1.1). To put it 
another way, processes are made up of interrelated activi-
ties that interact with each other. If you think about it, any 
work being done is a process. Most of us do not realize 
how many processes we perform on a day-to-day basis. For 
instance, you go through a process when you select a movie 
to see. The input is the information about show times and 
places, whom you are going with, and what criteria you 
have for choosing a movie. The value-added activities are 
driving to the movie theater, buying a ticket, and watching 
the movie. And the output is the result, the entertainment 
value of the movie.

Industries have innumerable processes that enable 
them to provide products or services for customers. Typical 
processes include: design, delivery, development, manufac-
turing, training, assembly, marketing, evaluation, informa-
tion management, and customer communication. Though 
no company has the same set of processes, the list is end-
less. Process outputs include services, products, decisions, 
directions, proposals, solutions, recommendations, reports, 
information, and so on. Inputs to processes are often the 
outputs of a previous process. Think about the number 
of processes necessary to provide a shirt by mail order 
over the Internet. The company must have a catalog web-
site preparation process, a website distribution process, a 
process for obtaining the goods it plans to sell, an order-
ing process, a credit-check process, a packaging process, 
a mailing process, and a billing process, to name a few. 
Other processes typically found in organizations include 
financial management; customer service; equipment main-
tenance and installation; production and inventory control; 
employee hiring, training, reviewing, firing, and payroll; 
software development; and product or service design, crea-
tion, inspection, packaging, delivery, and improvement.

FIGURE 1.1  Processes

Process

Value-added activities
performed by individuals,
work groups, functions,
machines, or organizations

Products
Services
Results

Raw materials
Components
Instructions
Information
Criteria

OutputInput
Value-added activities
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Many processes develop over time, with little concern 
for whether it is the most effective manner in which to 
provide a product or service. To remain competitive in 
the world marketplace, companies must seek out wasteful 
processes and use quality techniques to improve them. The 
processes providing the products and services will need to 
be quality-engineered, with the aim of preventing defects 
and increasing productivity by reducing process cycle times 
and eliminating waste.

The topics in this text comprise a set of statistical 
tools that provides users with the power to understand 
process behavior. With this knowledge, users can find 
ways to improve the way their organization provides its 
products and services. These tools can be applied to all 
sorts of processes including manufacturing, services, and 
government. Together, they provide a means of reducing 
process  variation. The tools themselves are fundamental to 
good process management. Applying them is fundamental 
to good management, period.

Variation
In any process that produces a product or provides a ser-
vice, rarely are two products or service experiences exactly 
alike. Even identical twins have their differences. Variation, 
to be different from one instance to the next, is present 
in any natural process, meaning that no two products or 
occurrences are exactly alike. In manufacturing, variation 
is often identified as the difference between the specified 
target dimension and the actual part dimension. In service 
industries, variation may be the difference between the 
type of service received and the type of service expected. 

Companies interested in providing a quality product or ser-
vice use statistical process control techniques to carefully 
study the variation present in their processes. To more con-
sistently provide a high-quality product or service, a com-
pany must determine why differences exist between similar 
products or services and then remove the causes of these 
differences from the processes that produce them. Think of 
it this way: If you are carpooling with an individual who is 
sometimes late, sometimes early, and sometimes on time, 
it is difficult to plan when you should be ready to leave. 
If, however, the person is always five minutes late, you may 
not like it, but you can plan around it. The first person 
exhibits a lot of variation; you never know when to expect 
him or her. The second person, although late, has very lit-
tle variation in his or her process; hence you know that if 
you need to leave at exactly 5 p.m., you had better tell that 
person to be ready at 4:55 p.m.. The best situation would 
be to be on time every time. It is this best situation at which 
companies are aiming when they seek to eliminate or reduce 
the variation present in a process. Methods of improving 
processes by removing variation are the focus of this text.

Product and service designers translate customer needs, 
requirements, and expectations into tangible requirements 
called specifications. Specifications state product or service 
characteristics in terms of a desired design target value or 
dimension. In service industries, specifications may take 
the form of descriptions of the types of services that are 
expected to be performed (Table 1.1). In  manufacturing, 
specifications may be given as nominal target dimen-
sions (Table 1.2), or they may take the form of tolerance 
limits (Table 1.3). Tolerance limits show the permissi-
ble changes in the dimension of a quality characteristic. 

Prior to new leadership at JRPS, the activity of turning a quote into 
a finished part had no uniform process. Since no one really knew 
exactly what needed to be done there were many incorrect quotes, 
lost quotes, missing or past due orders, incorrect or improperly 
priced orders, and other problems. Knowing that standardized 
processes reduce the chances of errors, the new owners formed a 
team with the objective of defining order processing. The bounda-
ries of the process were set at “customer requests a quote” to end 

at “customer receives parts.” As the team analyzed the existing 
methods, they realized that a better order processing method was 
needed. The team readily considered computerizing the process; 
however, they recognized that computerizing a nonfunctional pro-
cess wouldn’t help company performance. A further example will 
show you the tools they used to redesign the process. With their 
new process, errors have decreased significantly while customer 
satisfaction has increased dramatically. 

The Quoting Process at JRPS rEal tOOls for rEal lifEq➛

q➛

Item Specification

Customer Perception of Service/Quality 2 or Fewer Complaints per Month

Downtime of Teller Window Due to Teller Absence Not to Exceed 5 Min per Day

Deposits Not Credited 1 or Fewer per Month

Accounts Not Debited 1 or Fewer per Month

Errors on Cash In and Out Tickets 1 or Fewer per Month

Missing and Illegible Entries 2 or Fewer per Month

Inadequate Cash Reserves 2 or Fewer Occurrences per Month

taBlE 1.1 Specifications for Banking Transactions at Teller Windows Serving 10,000 Customers Monthly
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Electric motors (Figure 1.2) work by converting electrical energy to 
mechanical energy. To do this, electricity flows through a copper 
wire winding contained in a housing. The current sets up a rotating 
magnetic field. The stator, the metal surrounding a central shaft, 
becomes polarized and rotates on its axis. The shaft transfers the 

energy created to other devices either by direct drive or through the 
use of gears. The shafts made at JRPS are made to order for spe-
cific customers. Engineers at JRPS work with customers to properly 
prepare drawings showing the specifications and tolerance limits 
for the custom shafts (Figure 1.3).

Specifications and Tolerance Limits at JRPS rEal tOOls for rEal lifEq➛

FIGURE 1.2  Electric Motor

FIGURE 1.3  Custom Shaft Specifications
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Parts manufactured between the tolerance, or specification, 
limits are considered acceptable. Designers should seek 
input from the customer, from engineering and manufac-
turing professionals, and from any others who can assist in 
determining the appropriate specifications and tolerances 
for a given item.

To manufacture products within specifications, 
the processes producing the parts need to be stable and 
 predictable. A process is considered to be under control 
when the variability (variation) from one part to another 
or from one service to another is stable and predictable. 
Just as in the carpooling example, predictability enables 
those studying the process to make decisions concerning 
the product or service. When a process is predictable, very 
little variation is present. Statistical process control practi-
tioners use a variety of techniques to locate the sources of 
variation in a process. Once these sources are located, pro-
cess improvements should be made to eliminate or reduce 
the amount of variation present.

Example 1.1 Reducing Variation
At Makepiece Fabrics Inc., fabric printing is serious busi-
ness. There are two key ways to achieve a patterned fabric: 
use colored threads to weave the pattern directly into the 
fabric during fabrication or use inks to print onto a plain 
fabric. Printing multicolored fabrics, which have a pat-
tern only on one side, is tricky business. Rolls of white 
fabric pass through printing presses containing plates 
etched with designs. For multicolored fabrics, eight print-
ing plates, each inked with a different color, are etched 
with only the items that will appear in that particular color. 
In many cases, the items are interrelated, such as when 

one color is overlaid on top of another. If the printing 
plates are not aligned properly with each other and with 
the fabric, the colors may be offset, resulting in a blurry, 
unreadable design.

Makepiece’s process engineers have worked diligently 
to reduce or eliminate variation from the fabric-printing 
process. Sources of variation include the printing plates, 
the inks, the fabric, and the presses containing the plates. 
The engineers have improved the devices that hold the 
plates in place, eliminating plate movement during press 
cycles. They have developed an inventory-control system 
to monitor ink freshness in order to ensure a clean print. 
They have tested different fabrics to determine which 
ones hold the best impressions. These improvements 
have been instrumental in removing variation from the 
fabric-printing process.

With a stable printing process that exhibits little vari-
ation, process managers at Makepiece can predict future 
production rates and costs. They can respond knowledge-
ably to customer inquiries concerning fabric costs and 
delivery dates. If the fabric-production process were unsta-
ble, exhibiting unpredictable variation and producing both 
good and bad fabrics, then the process managers could 
only guess at what the future would bring (Figure 1.4).

Productivity
At first glance, quality and productivity may seem the 
same or very similar. Actually, there is a difference 
between the two. To be productive, one must work effi-
ciently and operate in a manner that best utilizes the avail-
able resources. Productivity’s principal focus is on doing 

Item Nominal Dimension

Door Height 6 ft 6 inch

Theater Performance Start Time 8:00 p.m.
Wheelbase Length of a Car (in Catalog Shown to Customer) 110 inch

Frequency for a Radio Station 102.6 Hz

Calories in a Serving 100

Servings in a Package 8

taBlE 1.2 Specifications for Nominal Dimensions

Item Specifications

Priority Overnight Delivery Time Before 10:00 a.m.
Metal Hardness Rc@44948

Car Tire Pressure 30–35 psi

Heat-Treat Oven Temperature 1300–1400°C

Wheelbase Length of a Car 110 { 0.10 in.

Household Water Pressure 550 { 5 psi

Diameter of a Bolt 10.52–10.55 mm

taBlE 1.3 Specifications for Tolerance Limits
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something more efficiently. Quality, on the other hand, 
focuses on being effective. Being effective means achieving 
the intended results or goals while meeting the customer’s 
requirements. So quality concentrates not only on doing 
things right (being productive), but also on doing the right 
things right (being effective). In manufacturing terms, if 
a company can produce 10,000 table lamps in 13 hours 
instead of in 23 hours, this is a dramatic increase in pro-
ductivity. However, if customers are not purchasing these 
table lamps because they are ugly, then the company is not 
effective, and the increased productivity is meaningless. To 
remain competitive, companies must focus on effectively 
meeting the reasonable needs and expectations of their cus-
tomers. Productivity and quality improvements come from 
managing work activities as processes. As process perfor-
mance is measured and sources of variation are removed, 
the effectiveness of the process increases.

thE EvOlutiON Of MOdErN 
Quality
Many people believe that quality efforts began during the 
Industrial Revolution. Actually, an emphasis on quality has 
existed for thousands of years. Consider the large round 
stones shown in Figure 1.5. These 10,000-year-old stones 
uncovered during an archeological dig at the Tarxien Tem-
ple in Malta are uniformly 15 inches in diameter, nearly 
perfectly round, and created using only stone implements. 
For all of the stones to be so uniform, a design standard 
had to be in place. These round stones were used to roll 
large slabs of stones used in the construction of temples, 
like the Hagar Qim, that still stand today (Figure 1.6). 
Note the square lines of the 10,000-year-old temple—
another example of quality at work.

FIGURE 1.4  Predictions Based on Stable and Unstable Processes

FIGURE 1.5  Tarxien Temple Stones

Future

Unstable processes Stable processes

Future
? ?

FIGURE 1.6  Hagar Qim Temple, Malta
DEA / W. BUSS / De Agostini Picture Library / Getty ImagesDonna C. Summers
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In his text A History of Managing for Quality, 
Dr. Juran details quality management examples in ancient 
China, Israel, Greece, and Rome. Later examples include 
Scandinavian shipbuilding, German brewing, French 
cathedrals, and Czech sugar production. In China, a Zhou 
Dynasty decree (11 to 8 b.c.) stated that cottons, silks, 
utensils, and carts under standards were not allowed to 
be sold on the market. Designers of Greek temples speci-
fied that an odd number of arches between columns must 
be placed on any side with a doorway, thus ensuring that 
processions entering a building passed through a door-
way centered between two columns (Figure 1.7). Roman 
road builders in the Julian and Claudian reigns had four 
stated goals for their network of roads: directness, rapid-
ity, durability, and ease of maintenance (Figure 1.8). Their 
specifications included three layers: one consisting of 1 to 
1 1�2 meters of cobbles compacted for drainage, followed 

by a layer of sand or gravel, topped by a layer of cobbles, 
stone, or paving. Roman roads and aqueducts (Figure 1.9). 
can be seen throughout Europe and Great Britain today. 
Scandinavian  shipbuilders 4,000 years ago understood the 
need for high-quality iron to create superior tools, rivets, 
and fasteners allowing lighter more effective ship designs. 
Cathedral builders during the Middle Ages used the Latin 
term qualitas and required beauty and virtue in cathe-
dral design. They specified beauty as harmonious shapes, 
balanced proportions, and magical play of light. Virtue 
was specified as impeccable workmanship of stone and 
glass designed to stand for centuries. Medieval markets 
had a designated clerk of the market who made sure that 
weights and measures used by traders heeded standards. 
For instance, hops for brewing beer were judged by speci-
fied standards for cleanliness, color, luster, size, uniform-
ity, structure, shape, and odor.

Modern quality principles have evolved over time 
 (Figure 1.10). Up until the advent of mass production, 
artisans completed individual products and inspected the 
quality of their own work or that of an apprentice before 
providing the product to the customer. If the customer 
experienced any dissatisfaction with the product, he or she 
dealt directly with the artisan.

Firearms were originally created individually. The 
stock, barrel, firing mechanism, and other parts were fab-
ricated for a specific musket. If part of the musket broke, 
a new part was painstakingly prepared for that particular 
firearm or the piece was discarded. In 1798, Eli Whitney 
began designing and manufacturing muskets with inter-
changeable parts. Firing mechanisms, barrels, or other 
parts could be used on any musket of the same design. By 
designing interchangeable parts, Eli Whitney created the 
need for quality control.

In a mass production setting, the steps necessary to 
create a finished product are divided among many work-
stations, which each perform a single repetitive operation. 
To be interchangeable, the parts must be nearly identical. 
This allows the assembler to randomly select a part from 

FIGURE 1.9  Pont Du Gard, Roman Aqueduct, Provence, 
France

FIGURE 1.8  Roman Road, Pompei, Italy. 
Note the grooves worn by chariots.

Marc Deville/Gamma-Rapho/Getty Images Filip Fuxa / Shutterstock

FIGURE 1.7  Temple of Concord, Agrigento, Sicily
Emi Cristea / Shutterstock
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a group of parts and assemble it with a second randomly 
selected part. For this to occur without problems, the 
machines must be capable of producing parts with mini-
mal variation, within the specifications set by the designer. 
If the parts are not made to specification, during assembly 
a randomly selected part may or may not fit together eas-
ily with its mating part. This situation defeats the idea of 
interchangeable parts.

Inspection
As the variety of items being mass-produced grew, so did 
the need for monitoring the quality of the parts produced 
by those processes. The customer no longer dealt directly 
with the individuals responsible for creating the product, 
and industries needed to ensure that the customer received 
a quality product. Inspection refers to those activities 
designed to detect or find nonconformances existing in 
already completed products and services. Inspection, the 
detection of defects, is a regulatory process. With the 
advent of advanced technology like vision systems, laser 
measurement, and electronic gaging, it is common to see 
automated inspection as an integral part of the manufac-
turing process (Figure 1.11).

Inspection can also take other forms, for instance, the 
testing and inspection of a product in use. One familiar 
example of product use inspection and testing is the Good 
Housekeeping Seal of Approval. Good  Housekeeping 
 magazine began publication in 1885. By 1900, the 
 company had set up their GH Experiment Station for 
 product  testing. In 1905, companies providing quality 
packaged food products were listed on the GH Roll of 
Honor for Pure Food Products. The Good Housekeeping 
Seal of Approval debuted in 1909 and continues to desig-
nate well-designed products today.

Inspection involves the measuring, examining, testing, 
or gauging of one or more characteristics of a product or 
service. Inspection results are compared with established 
standards to determine whether the product or service 
conforms. In a detection environment, inspecting, sort-
ing, counting, and grading products constitute the major 
aspects of a quality professional’s position. This results in 
the general feeling that the responsibility for quality lies in 
the inspection department. Philosophically, this approach 
encourages the belief that good quality can be inspected 
into a product and bad quality can be inspected out of 
the product.

Inspection occurring only after the part or assembly 
has been completed can be costly. During its manufacture, 
an automobile might go through as many as 30,000 qual-
ity checks on its many and diverse components. Imagine 
the cost of rework if these checks had all happened as the 
car rolled off the assembly line. If a large number of defec-
tive products have been produced and the problem has 
gone unnoticed, then scrap or rework costs will be high. 
For instance, if a preliminary operation is making parts 
incorrectly, and inspection does not occur until the product 
has been through a number of other operations, a large 
number of defective items will have been fabricated before 
the inspectors discover the defect. This type of mistake is 
very costly to the producer because it involves not only the 
defective aspect of the part but also the cost of performing 
work on that part by later workstations (Figure 1.12).

The same is true in a service environment. If the service 
has been incorrectly provided, the customer receiving the 
service must spend additional time in the system having the 
problem corrected. Even if the problems have been fixed, 
there is always the threat that the customer receiving the 
incorrect service may choose not to return.

FIGURE 1.11  Evolution of Quality 
Principles

FIGURE 1.10  Measuring Equipment
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12 CHAPTER ONE

Quality Control
Quality control (QC) refers to the use of specifications 
and inspection of completed parts, subassemblies, and 
products to design, produce, review, sustain, and improve 
the  quality of a product or service. Quality control goes 
beyond inspection by

1. Establishing standards for the product or ser-
vice, based on customer needs, requirements, and 
expectations.

2. Ensuring conformance to these standards. Poor qual-
ity is evaluated to determine why the parts or services 
provided are incorrect.

3. Taking action if there is a lack of conformance to the 
standards. These actions may include sorting the prod-
uct to find the defectives. In service industries, actions 
may involve interacting with the customer and correct-
ing the situation.

4. Implementing plans to prevent future nonconform-
ance. These plans may include design or manufactur-
ing changes; in a service industry they may include 
procedural changes.

These four activities work together to improve the pro-
duction of a product or provision of a service.

Statistical Quality Control
Building on the four tenets of quality control, statistics 
were added to map the results of parts inspection. In the 
1920s, Walter A. Shewhart of Bell Telephone Laboratories 
developed statistical charts used to monitor and control 
product variables (Chapters 2 and 6). At the same time 
H. F. Dodge and H. G. Romig, also of Bell Telephone 
Laboratories, used statistics to develop acceptance sam-
pling as a substitute for 100 percent inspection. The use of 
statistical methods for production monitoring and parts 
inspection became known as statistical quality control 
(SQC), wherein statistical data are collected, analyzed, 
and interpreted to solve problems. The primary concern 
of individuals involved in quality is the monitoring and 
control of variation in the product being produced or ser-
vice being provided.

Statistical Process Control
Over time, companies came to realize that there was a 
need to be proactive when dealing with problems. Thus 
the emphasis shifted from utilizing statistical quality con-
trol methods for the inspection or detection of poor quality 
to their use in the prevention of poor quality. Prevention 
of defects by applying statistical methods to control the 
process is known as statistical process control (SPC).

Statistical process control emphasizes the prevention 
of defects. Prevention refers to those activities designed to 
prevent defects, defectives, and nonconformance in products 
and services. The most significant difference between pre-
vention and inspection is that with prevention, the process—
rather than solely the product—is monitored, controlled, 
and adjusted to ensure correct performance. By using key 
indicators of product performance and statistical methods, 
those monitoring the process are able to identify changes 
that affect the quality of the product and adjust the process 
accordingly. To do this, information gained about the pro-
cess is fed back to those involved in the process. This infor-
mation is then used to prevent defects from occurring. The 
emphasis shifts away from inspecting quality into a com-
pleted product or service toward making process improve-
ments to design and manufacture quality into the product 
or service. The responsibility for quality moves from the 
inspectors to the design and manufacturing departments.

Statistical process control also seeks to limit the varia-
tion present in the item being produced or the service being 
provided. Although it once was considered acceptable to 
produce parts that fell somewhere between the specifica-
tion limits, statistical process control seeks to produce 
parts as close to the nominal dimension as possible and to 
provide services of consistent quality from customer to cus-
tomer. To relate loss to only those costs incurred when a 
product or service fails to meet specifications is unrealistic. 
The losses may be due to reduced levels of performance, 
marginal customer service, a slightly shorter product life, 
lower product reliability, or a greater number of repairs. 
In short, losses occur when the customer has a less-than-
optimal experience with the product or service. The larger 
the deviation from the desired value is, the greater is the 
loss. These losses occur regardless of whether or not the 
specifications have been met. Reducing process variation 
is important because any reduction in variation will lead 
to a corresponding reduction in loss.

FIGURE 1.12  Consequences of Defects Compounded in Process
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Statistical process control can be used to help a com-
pany meet the following goals:

 j To create products and services that will consistently 
meet customer expectations and product specifications

 j To reduce the variability between products or services 
so that the results match the desired design quality

 j To achieve process stability that allows predictions to 
be made about future products or services

 j To allow for experimentation to improve the process 
and to know the results of changes to the process 
quickly and reliably

 j To minimize production costs by eliminating the costs 
associated with scrapping or reworking out-of-specifi-
cation products

 j To place the emphasis on problem solving and statistics
 j To support decisions with statistical information con-

cerning the process
 j To give those closest to the process immediate feed-

back concerning current production
 j To assist with the problem-solving process
 j To increase profits
 j To increase productivity

The positive results provided by statistical process con-
trol can be seen in Figure 1.13. Many of the techniques 
associated with SPC are covered in this text.

Total Quality Management
As the use of statistical process control grew in the 1980s, 
industry saw the need to monitor and improve the entire 
system of providing a quality product or service. Sens-
ing that meeting customer needs, requirements, and 

expectations involved more than providing a product or 
service, industry began to integrate quality into all areas 
of operations, from the receptionist to the sales and bill-
ing departments to the manufacturing, shipping, and ser-
vice departments. This integrated process improvement 
approach, involving all departments in a company in pro-
viding a quality product or service, became known as total 
quality management (Figure 1.14).

Total quality management (TQM) is a management 
approach that places emphasis on continuous process and 
system improvement as a means of achieving customer 
satisfaction to ensure long-term company success. Total 
quality management focuses on process improvement and 
utilizes the strengths and expertise of all the employees 
of a company as well as the statistical problem-solving 
and charting methods of statistical process control. TQM 
relies on the participation of all members of an organiza-
tion to continuously improve the processes, products, and 
services their company provides as well as the culture they 
work in.

Most important, quality management encourages a 
long-term, never-ending commitment to the improvement 
of the process, not a temporary program to be begun at 
one point in time and ended at another. The total quality 
 process is a culture that top-level management develops 
within a company to replace the old management  methods. 
Chapter 2 expands on the idea that the commitment to 
quality must come from upper management to guide 
 corporate activities year after year toward  specified goals. 
Given this long-term commitment to integrating quality 
into all aspects of the organization, companies pursuing 
quality management have an unwavering focus on  meeting 
customers’ needs, requirements, and expectations. Since 
customers’ needs, requirements, and expectations are 
always changing, total quality management must be adapt-
able in order to pursue a moving target.

FIGURE 1.13  Positive Results of Statistical Process 
Control

Uniformity of Output
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Lower Average Cost
Fewer Errors
Predictable, Consistent Quality Output
Less Scrap
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Less Waste in Production Labor Hours
Increased Job Satisfaction
Improved Competitive Position
More Jobs
Factual Information for Decision Making
Increased Customer Satisfaction
Increased Understanding of the Process
Future Design Improvements FIGURE 1.14  Department Involvement in Total 
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Continuous Improvement
The continuous improvement (CI) philosophy focuses 
on improving processes to enable companies to give cus-
tomers what they want the first time, every time. This 
 customer-focused, process improvement approach to doing 
business results in increased satisfaction and delight for 
both customers and employees. Continuous improvement 
efforts are characterized by their emphasis on determining 
the best method of operation for a process or system. The 
key words to note are continuous and process. Continuous 
improvement represents an ongoing, continuous commit-
ment to improvement. Because the quest for continuous 
improvement has no end, only new directions in which to 
head, continuous improvement is a process, not a  program. 
Continuous improvement uses problem-solving tools and 
techniques to eliminate problems. It also emphasizes the 
need to strengthen and improve the key activities and skills 
in an organization. Together, these efforts enable an organi-
zation to meet its operational goals.

One of the strengths of the CI process is that a com-
pany practicing these methods develops flexibility. A com-
pany focusing on continuous improvement places greater 
emphasis on customer service, teamwork, attention to 
details, and process improvement. Table 1.4 shows some 
other differences between a traditional company and one 
that practices continuous improvement.

The foundation of continuous improvement is a man-
agement philosophy that supports meeting customer require-
ments the first time, every time. Management must be actively 
involved with and committed to improving quality within 
the corporation. Merely stating that  quality is important is 
not sufficient. Philosophies are easy to preach but difficult 
to implement. The strongest CI processes are the ones that 
begin with and have the genuine involvement of top-level 
management. This commitment is exemplified through the 
alignment of performance expectations and reward systems. 
Companies practicing continuous improvement identify and 
reduce process variation, utilize fact-based and statistically 
supported decision-making, create supplier relationships, 
embrace and act on customer information including social 
media, and plan for quality and improvement.

A variety of approaches exist for integrating continu-
ous improvement efforts into everyday business activi-
ties. The flowchart in Figure 1.15 illustrates a typical 
CI  process. Note that many activities are ongoing and 
that several overlap. Most CI efforts begin with a vision. 
Visions, which are developed and supported by senior 
management, are statements describing how a company 
views itself now and in the future. A company’s vision 
is the basis for all subsequent strategies, objectives, and 
decisions.

Top management often develops a mission statement 
to support the organization’s vision. The mission sets the 
stage for improvement by making a strong statement about 
the corporation’s goals. The mission statement should be 
short enough for its essence to be remembered by every-
one, but it should also be complete. The mission state-
ment should be timeless and adaptable to organizational 
changes. Examples of mission statements are shown in 
Figure 1.16.

To make the journey from a company focused on 
inspection of completed products or services to a com-
pany that is proactive in meeting and exceeding the needs 
of their customers, many organizations follow particu-
lar methodologies or standards. ISO 9000 is a quality 
standard developed to provide guidelines for improving 
a company’s quality management system. Six Sigma is 
a methodology that also provides direction for compa-
nies seeking to improve their performance. Summarized 
at the end of this chapter, a more complete discussion 
of these standards and methodologies may be found in 
Chapter 3.

Innovative Organizations
Quality, communication styles, and buildings have evolved 
since the days of stone tools. Social media, the new-
est form of word-of-mouth product and service reviews, 
forces organizations to be aware of and quickly respon-
sive to customer issues. Innovative companies actively 
listen to their customers’ comments about their experi-
ences. To face today’s challenging business environment, 
innovative organizations use quality tools and techniques 

Company Oriented Toward Continuous Improvement Traditional Company

Customer Focus Market-Share Focus

Cross-Functional Teams Individuals

Focus on “What” and “How” Focus on “Who” and “Why”

Attention to Detail Judgmental Attitudes

Long-Term Focus Short-Term Focus

Continuous Improvement Focus Status Quo Focus

Process Improvement Focus Product Focus

Incremental Improvements Innovation

Problem Solving Firefighting

taBlE 1.4 Continuous Improvement versus Traditional Orientation
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16 CHAPTER ONE

to become flexible and adaptable. Innovation begins 
with robust design of products, processes, and systems. 
Success depends on achieving operational excellence by 
partnering with stakeholders and designing and develop-
ing innovative strategies that meet market needs. These 
organizations not only practice continuous improvement, 
they are responsive to emerging needs in the marketplace, 
offering new products and services before the customer 
become aware of the need. Apple Computer’s products 
are excellent examples of the type of customer-focused 
products an innovation-driven organization provides. In 
essence, innovative companies focus on quality for today 
and for the future. Creating and maintaining an innova-
tive environment requires a focus on best practices, risk 
management, flexibility, systems integration, and supplier 
management. The challenges facing the leaders of an inno-
vative organization include understanding customer needs, 
maintaining a zero tolerance for defects, global competi-
tion, and lengthy supply chains. Innovative organizations 
also embrace information technology as a way to create 
a connected work environment. Information technology 
creates business intelligence which is a key component of 

innovation and problem-solving efforts utilizing quality 
tools and techniques.

Quality Standards
The most widely known of the quality standards is ISO 
9000. ISO 9000 was created to deal with the growing trend 
toward economic globalization. To facilitate doing business 
in a variety of countries, a series of quality standards was 
developed by the International Organization for Standardi-
zation (ISO). Applicable to nearly all organizations, the 
standards provide a baseline against which an organiza-
tion’s quality system can be judged. ISO 9000 standards 
enable decision-makers to identify, manage, and improve 
key processes and the interactions between those processes. 
ISO 9000 standards topics include: customer-focused 
organization, management responsibility, quality policies 
and objectives, corrective and preventive actions, resource 
management, product realization, measurement analysis 
and improvement, document control, and continuous 
improvement. Because of the similarities between these key 
principles and the continuous improvement  philosophy, 

FIGURE 1.16  Examples of Mission Statements

Hospital

As a major teaching institution, we will continue to be a leader in providing a full range
of health-care services. Working together with our medical sta�, we will meet and ex-
ceed our patients’ needs for high-quality health care given in an e�cient and e�ective
manner.

Grocery Store

The mission of our store is to maintain the highest standards of honesty, trust, and in-
tegrity toward our customers, associates, community, and suppliers. We will strive to pro-
vide quality merchandise consistent with market values.

Student Project

Our mission is to provide an interesting and accurate depiction of our researched com-
pany. Our project will describe their quality processes as compared with the Malcolm
Baldrige Award standards.

Pet Food Company

Our mission is to enhance the health and well-being of animals by providing quality pet
foods.

Customer Service Center

Meet and exceed all our customers’ needs and expectations through e�ective communica-
tion and inter-company cohesiveness.

Manufacturing

To produce a quality product and deliver it to the customer in a timely manner, while im-
proving quality and maintaining a safe and competitive workplace.

Manufacturing

To be a reliable supplier of the most e�ciently produced, highest quality automotive
products. This will be done in a safe, clean work environment that promotes trust,
involvement, and teamwork among our employees.
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When JRPS Inc. began operations nearly three decades ago, their 
job shop specialized in machining large forgings into finished 
products. At that time, they utilized three separate inspections as 
their primary method of ensuring the quality of their products. The 
first inspection occurred following the initial machining operations 
(centering, grinding, and milling) and before the part was sent to 
a subcontractor for heat treating. After the part returned from heat 
treatment, key dimensions were checked at the second inspection. 
A final inspection was conducted before the finished part left the 
plant. With these three inspections, discrepancies between actual 
part dimensions and the specifications were found only after the part 
had completed several machining operations. Though this method 
resulted in significant scrap and rework costs, JRPS continued to 
use it with only one minor modification. They determined that occa-
sional forgings were not up to standard so they added an incoming 
materials inspection to ensure the quality of the blank forgings.

Even with these four inspections, scrap and rework costs were 
still very high. If the forging passed incoming inspection and 
began to progress through the machining operations, for a typical 
part, three to four operations would have been completed before 
any errors were caught during the in-process inspection. The work 
done after the operation where the error occurred was wasted 
because each subsequent machining operation was performed 
on a faulty part. Beyond a few minor measurements taken once 
they completed their work on the part, operators were not respon-
sible for checking actual part dimensions against specifications. 
This type of inspection scheme was very costly to JRPS because 
it involved not only the scrapping of these large parts, but also 
the labor cost of performing work on a defective part by later 
workstations.

In an attempt to correct this situation, JRPS established a 
Quality Control Department. The members of this department 
developed a documented quality control program. The program 
was designed to ensure conformance to established standards 
for each product. They also initiated a corrective action plan 
that required a root cause analysis and corrective action for 
each nonconformance to standards. Following this plan enabled 
them to implement corrective action plans that prevented future 
similar errors.

By the mid-1980s, the companies they did business with 
began requiring statistical process control information. Statisti-
cal process control was a new concept for JRPS. Fortunately they 
realized that the prevention of defects could make a significant 
impact on their profit performance. With this in mind, they set up 
control charts to monitor key characteristics over the long term 
and within a particular run.

Key characteristics such as safety, critical dimensions, work-
ing diameters, ID/OD for mating parts, radius, and any tight 
tolerances set by the designer were charted. Besides having 
operators inspect their own work for each part production run, the 
first piece was inspected for all critical dimensions by the chief 
inspector on a coordinate measuring machine. Once the first part 
was approved, operators had permission to run the rest of the 
parts in the lot. The first-part designation applied to any part fol-
lowing a change to the process, such as a new operator, a new 
setup, or a setup after broken tool. By tracking the critical part 
dimensions, those monitoring the processes were able to identify 
changes that affected the quality of the product and adjust the 
process accordingly.

They sought additional ways to reduce the variation present 
in the process that prevented them from producing parts as close 
to the nominal dimension as possible. Thus, emphasis shifted 
away from inspecting quality into the parts and toward making 

process improvements by designing and machining quality into 
the product.

When the new owners took control three years ago, they real-
ized that in a job shop the small lot sizes made significant use of 
statistical process control techniques difficult. JRPS took a good 
hard look at the way they did business. To stay in this highly com-
petitive business, JRPS needed to determine what market need 
they were going to meet and how they were going to fill that need 
in an error-free, customer-service-oriented manner. With this in 
mind, they began studying the ideas and concepts surrounding 
total quality management and continuous improvement. This led 
them to consider all of their business operations from a process 
point of view instead of a part-by-part focus. Over the next few 
years, they applied continuous improvement concepts to how they 
managed their business.

Their continuous improvement efforts lead to an increase in 
larger, more complex shaft orders. Since the parts could cost 
anywhere from $1,500 to $15,000 each, not including material 
and heat treatment or coatings costs, JRPS had to develop effec-
tive methods to run such a wide variety of material and part types 
on their machines. They realized they needed to shift their focus 
away from part inspection to controlling the processes that they 
used to make the parts.

When they asked themselves what really needed to improve 
in order to please their customers, they realized that reducing 
the number of tags on parts for out-of-specification conditions 
was critical. To do this effectively over the long term, JRPS 
focused on processes, specifically designing processes, equip-
ment, fixtures, and tooling to meet the needs of the product. This 
approach resulted in fewer setups and reduced the number of 
times a part needed to be handled, which reduced the number 
of times a part could be damaged. Fewer setups also reduced 
the number of opportunities for mistakes in setups and incor-
rect or inaccurate setups. Better fixtures and tooling enabled the 
machining process to hold part dimensions throughout the part. 
Changes like these resulted in improved quality and throughput.

Their efforts paid off. As JRPS improved their part  uniformity, 
rework and defect rates fell and machine uptime increased as 
did labor productivity. These factors enabled them to increase 
output because less time was spent fixing problems and the 
focus shifted to where it belonged: making parts right the first 
time. Increased output enabled JRPS to meet ship dates predict-
ably (Figure 1.17). Improved delivery is a key factor in attracting 
and maintaining customers. They were even able to reduce their 
prices while maintaining their profitability. As word got out to 
their customers about pricing, quality, and delivery, JRPS was 
able to attract more and more business (Figures 1.18, 19, 20). 
Two plant expansions occurred as their competitive position 
improved with increasing customer satisfaction. Management at 
JRPS felt that their increased understanding of the processes uti-
lized in making parts enabled them to make better decisions and 
enhanced their focus on their customers.

Their continuous improvement changes included customer-
focused changes, internal process changes, and human resources 
changes.

CUSTOMER-FOCUSED CHANGES

Equipment JRPS acquired new machines of a better design for 
machining long, relatively thin parts. For instance, they replaced 
a milling machine that used a cantilevered work-holding system 
with a horizontal milling machine. Having the part hang as a can-
tilever allowed vibration and tool movement to play a role in the 
machining of the part, affecting the ability to hold tolerance. This 

One Company’s Journey to Innovation rEal tOOls for rEal lifEq➛

(continued)
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new machine significantly lowered rework due to the reduction in 
the variation inherent in the older process.

Machining JRPS made significant investments in their other 
machining operations. Their equipment now includes numerically 
controlled mills, grinders, and lathes. The equipment is function-
ally grouped for efficient workflow and close tolerance control.

Job Tracking JRPS designed and implemented a new system of job 
tracking. First, a manufacturing plan is created and reviewed with 
the customer. The manufacturing plan provides key information 
including part dimensions and the sequence of operations that the 
part will complete. Once approved, this information is converted to 
dimensional part drawings for each applicable workstation. Also 
included is a “traveler,” a bill of material that moves through the 
operations with each part, which must be signed and dated by each 
operator as he or she completes the work. Inspections for the part 
are also noted on the traveler. Improved job tracking has significantly 
reduced errors enabling JRPS to better predict and meet due dates.

INTERNAL PROCESS CHANGES

Supplier Involvement When quoting a job, sales engineers at 
JRPS involve their tooling suppliers. The supplier is able to help 
select the best cutting tools for the type of job. Improved cutting 
tool technology enables the machining operations to run at higher 
speeds while holding part dimensions more accurately.

Gage Control System A new gage verification system has resulted 
in fewer gage-related errors. Each gage is now calibrated regularly 
and is part of a preventive maintenance program. These changes 
have significantly reduced the possibility of measurement error.

Inventory Control Systems A new inventory control system was 
recently installed. Using this system has resulted in fewer mate-
rial and tooling selection errors, which in the past had caused 
production delays. Inventory control is easier now that taking 
inventory is a visual task that has reduced the potential of not 
having the correct material or tool when it is needed. Cost sav-
ings are expected with this system because inventory can be 
monitored more easily, thus reducing the potential for lost or mis-
placed material or tools.

Smaller Lot Sizes Recently, JRPS has been moving toward single 
piece production runs rather than multiple part runs. This is possible 
with the new machining and cutting tool technology that allows the 
machine to run much faster. Now a single piece can be machined 
in less time required previously. Not only is this a time savings, but 
if something goes wrong, only one part will be damaged. The single 
piece lot size also enables them to be very reactive to small cus-
tomer orders, thus reducing lead times and missed due dates.

HUMAN RESOURCES CHANGES

Cross-functional Involvement JRPS was quick to realize that 
an early understanding of what it would take to machine a part 
resulted in higher quality parts produced more efficiently. At 
JRPS, sales engineers work with machine tool designers, as well 
as operators and tooling suppliers, when quoting jobs to establish 
the best machining practices for holding and cutting each par-
ticular part based on its material type.

Communication Prior to their continuous improvement efforts, 
machine operators at JRPS were not considered a valuable 
source of information. Now, management at JRPS is working to 
increase operator involvement and enhance communication so 
that an operator will tell management when opportunities for 
improvement arise. Operators work together with engineers to 
conduct root cause analysis investigations and implement correc-
tive actions. Operators are also involved in audits of proper use 
of procedures. To encourage innovation, employees are trained 

FIGURE 1.19  Sales from July Year 2 to June Year 3
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FIGURE 1.20  Sales from July Year 3 to May Year 4
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FIGURE 1.17  Improvement in Number of Late Jobs
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FIGURE 1.18  Sales from July Year 1 to June Year 2
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Innovative Design Cycle Plan-Do-Study-Act Cycle DMAIC Cycle

Inspiration
• Define the Issue
•  Gather information and data 

about the issue

Idea Generation
• Brainstorm ideas

Creation
• Design and test prototype
• Refine the solution and market it

Plan
• Define the issue
•  Gather information and data 

about the issue
• Conduct root cause analysis
• Develop potential solutions
• Identify measures

Do
• Select and test best solution

Study
•  Utilize measures to verify 

solution

Act
•  Select and implement best 

solution
• Monitor and control the process

Define
• Define the issue
•  Gather information and data 

about the issue
•  Describe the gap between current 

and expected performance

Measure
• Identify measures
• Collect data
• Identify gap

Analyze
• Conduct root cause analysis
• Validate causes

Improve
• Develop potential solutions
• Select and test best solution
•  Select and implement best 

solution

Control
• Monitor and control the process

FIGURE 1.21  Innovation, PDSA, DMAIC Comparison

to understand and utilize innovative design and problem-solving 
techniques (Figure 1.21).

Many of the improvements listed above came about because 
JRPS had an understanding of the material presented in chapters 
in this text. As a result of their continuous improvement efforts, 
JRPS have increased their efficiency and effectiveness. During 
the last three years, they have doubled their annual sales without 
adding any additional employees. Forward-thinking leadership 
has embraced information technology as a key aspect of future 

success. Employees use integrated computer systems to gather 
and disseminate information about process performance and 
organizational effectiveness. With important information literally 
at their fingertips, employees at all levels of the organization can 
make informed decisions. This enables them to be flexible and 
adaptable in a challenging marketplace. For JRPS, running an 
effective organization requires knowledge, a process focus and 
problem-solving skills.

q➛

many organizations use ISO 9000 as the foundation of 
their continuous improvement efforts.

Six Sigma Methodology
The Six Sigma concept was developed at Motorola Cor-
poration as a strategy to deal with product and system 
failures. The increasing complexity of systems and prod-
ucts used by consumers created higher than desired system 
failure rates. To increase system reliability and reduce fail-
ure rates, organizations following the Six Sigma methodol-
ogy utilize a rigorous process improvement  methodology: 
Define-Measure-Analyze-Improve-Control (DMAIC). This 
procedure encourages managing by fact with data and 
measurement tools, techniques, and systems. Quality pro-
jects must deliver positive results to an organization’s finan-
cial position. Many of the tools and techniques used by Six 
Sigma practitioners are covered in this text ( Figure 1.22). 
Especially important are process maps, cause-and-effect 
analysis, measures, process capability analysis, and design 
of experiments.

Six Sigma projects are chosen based on their ability to 
provide clearly defined and auditable financial results. Six 

Sigma encourages people at all levels in the company to 
listen to each other, to understand and utilize metrics, to 
know when and what kind of data to collect, and to build 
an atmosphere of trust. Six Sigma seeks to improve quality 
through reduced variation for every product, process, or 
transaction in a company, with the ultimate goal of virtu-
ally eliminating all defectives. The Six Sigma methodology 
is covered in greater detail in Chapter 3

Lean
The term lean was popularized by the book The Machine 
That Changed the World. Lean production focuses on driv-
ing waste out of the production cycle. Lean practitioners 
are interested in doing more work with fewer resources. 
They seek ways to accomplish more in less time, space, 
equipment, people, and resources. Lean practitioners have 
not lost their focus on quality. They see that quality is more 
easily maintained when waste is removed from the process. 
Lean processes do not experience frustrating delays, end-
less firefighting, or defects. Using the elimination of waste 
as the foundation of a lean approach to business, lean pro-
duction systems rely on worker involvement, just-in-time 

M01B_SUMM3273_06_SE_C01.indd   19 10/28/16   8:54 PM



20 CHAPTER ONE

production, and autonomation in order to maintain a 
customer focus. Just-in-time production is supported by 
kanban, small batch sizes, reduced setup times, produc-
tion leveling, zero defects, and flexible workers. Worker 
involvement is encouraged through kaizen (continuous 
improvement) efforts, quality circles, visual management, 
5S, standardized work procedures, and preventive main-
tenance efforts. Autonomation refers to error-proofing 
production processes, preventing overproduction, and 
stopping the process when something goes wrong. Lean 
workers recognize the seven forms of waste:

Producing defective parts
Producing more parts than needed
Excessive inventories
Unnecessary activities
Unnecessary movement of people
Unnecessary transportation or handling of materials
People waiting

The quality tools and techniques presented in this text 
support lean environments by providing the methodology 
necessary for seeking out waste and making improvements.

Example 1.2 Lean Airlines
Global competition. Increasing fuel costs. Labor short-
ages. Facing such challenges, organizations are racing to 
improve their methods and processes. Airlines implement 
quality and lean tools in order to make improvements to 
the way they do business. To find the most efficient and 
consistent way to safely “turn a plane”—bring it in, unload 

it, clean it, load it, and push it out again—United Airlines 
applied lean principles of orderliness, communication, and 
standardization of the tasks involved (The Wall Street Jour-
nal, March 24, 2006). United used ideas from pit crews 
in automobile racing to find ways to lean the process by 
removing wasteful steps and activities. When redesigning 
the process, improvement teams attacked the seven forms 
of waste. They removed unnecessary movements of people 
and activities, and made sure that the tools were always 
on hand so people were not kept waiting. Their goal? A 
36-minute turn time for a plane. Considering that the 
ramp crew needs to work with baggage carts, belt loaders, 
baggage scanners, tow bars, and push tractors in order to 
meet this goal, there are a lot of maneuvers that need to 
be choreographed for the teams of four.

thE futurE Of Quality
The Greek philosopher Heraclitus said, “All is flux, noth-
ing stays still. Nothing endures but change.” Quality, as 
a management tool, is not staying still. Quality continues 
to evolve and embrace such concepts as optimization of 
systems and processes, elimination of waste, and crea-
tion of a customer focus. Quality conscious consumers 
encourage companies to expand their quality management 
practices beyond the traditional manufacturing arena. 
Companies seeking to optimize business processes take a 
systems approach, emphasizing improving the systems and 
processes that enable a company to provide products or 
services for their customers. Examples of systems include 

Quality Philosophies and Methodologies Chapters 1, 2, 3

Performance Measures/Metrics Chapter 4

Problem-Solving Model Chapter 4

Process-Mapping Chapter 4

Check Sheets Chapter 4

Pareto Charts Chapter 4

Cause-and-Effect Diagram Analysis Chapter 4

Scatter Diagrams Chapter 4

Frequency Diagrams Chapter 5

Histograms Chapter 5

Statistics Chapter 5

Data Collection:

Data Types and Sampling Techniques Chapters 5, 6

X and R Charts construction and interpretation Chapter 6

Process Capability Analysis Chapter 7

P, u, c Charts Chapter 10

Root Cause Analysis Chapters 4, 5, 6, 7

Variation Reduction Chapters 5, 6, 7, 8,10

Six Sigma Philosophy Chapter 3

FIGURE 1.22  Training Typically Required for Green Belt Certification and Related Chapters
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ordering processes, billing processes, manufacturing pro-
cesses, and shipping processes, among others. Improv-
ing processes means finding and eliminating sources of 
waste, such as idle time, rework time, excess variation, 
and underutilized resources. In today’s world of global 
competition, the Internet, outsourcing, and shifting trade 
politics, companies must develop a customer-oriented 
approach to  quality, studying how their product or service 
is used from the moment a customer first comes in con-
tact with the product or service until the moment that the 
product is disposed of or the service is complete. Global 
competition has also encouraged companies to seek out 
and emulate best practices. The term best practices refers 
to choosing a method of work that has been found to be 
the most effective and efficient, i.e., with no waste in the 
process.  Globalization and outsourcing has allowed work 
to become more independent of place or space. Service 
industries understand the importance of both information 
and process management when enhancing service delivery. 
Quality knowledge can create refined, highly productive 
processes that produce quality products and services. This 

reduces labor content and waste, making it easier to bring 
work to or keep it in developed countries.

Consumers also affect the future of quality. Over the 
past several decades, consumers from all walks of life 
have become more savvy about quality. To them, quality 
is essential, but not sufficient. They seek value from their 
products, services, and experiences. In the 1980s, Profes-
sor Noriaki Kano developed a model to explain consumer 
behavior. In his Kano model, customers begin with expec-
tations for a basic level of quality. Since their needs are 
barely being fulfilled, this level provides minimal satisfac-
tion. Essentially the product or service they receive gets the 
job done but nothing more. This can leave the customer 
feeling dissatisfied. From there, customers move to a sec-
ond stage. At this stage, the customer has a preconceived 
level of expectations. Customers are satisfied with compa-
nies that meet this expected level of quality; their needs are 
fulfilled but in today’s competitive environment this may 
not be enough. A customer’s sense of value reaches its peak 
when companies provide exciting quality. At this level, 
their needs are well-fulfilled and the customer is delighted. 

Analyst Oversees and coordinates the organization’s product and service data used for decision-
making. Quantifies this data using statistical tools and techniques.

Auditor Reviews and reports on internal and external processes critical for organizational quality.

Consultant Offers advice and training on administrative and technical aspects of organizational qual-
ity. Assists in an organization’s quality improvement efforts. Develops and maintains sig-
nificant knowledge and expertise in one or several aspects of the quality field.

Coordinator/Compliance Officer Monitors and reviews organizational programs such as Six Sigma or ISO 9000. Ensures 
that appropriate data related to an organization’s quality efforts are collected, organized, 
analyzed, reviewed, and utilized to further the organization’s continuous improvement 
efforts.

Educator/Instructor Responsible for training and instructing others in quality tools and techniques. Inspec-
tor Inspects and reports on the quality of products, processes, services, and materials to 
ensure conformance to the specifications established by the customer.

Manager Works through employees to ensure that the organization’s processes provide products and 
services that meet the expectations set by their customers. Deals with customers and their 
quality-related issues.

Quality Engineer Responsible for the designing, developing, installation, testing, and use of the organiza-
tion’s quality assurance processes and procedures. When necessary, works with customers 
to develop specifications. Designs or selects and implements inspection and testing proce-
dures and equipment. Works with management to develop quality assurance policies and 
procedures. Interfaces with other departments and suppliers to ensure customer quality.

Reliability Engineer Uses reliability techniques to predict and evaluate product performance. Plans and con-
ducts reliability tests, failure analyses, and performance tests. Analyzes field failures and 
customer complaints in order to improve product quality.

Software Quality Engineer Applies quality tools and techniques to the design, development, and implementation of 
software and software systems. Designs and conducts tests on software to verify and vali-
date software performance capability.

Supervisor Manages the activities of individuals who report directly. Implements organizational 
 policies and procedures related to quality.

Technician Utilizes basic quality tools and techniques, including instrument/equipment calibration, to 
measure product, process, and material performance.

FIGURE 1.23  Job Title Definitions Related to Quality
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Naturally, customers are always seeking this exciting level 
of quality, switching providers if necessary in order to 
attain it. As competitors offer better features and services, 
i.e., more exciting quality, a company will feel pressure to 
reach an ever-higher level of exciting quality.

Quality tools and techniques encourage organizations 
to anticipate what will delight customers in the future. 
These skills provide value for the organization by allow-
ing them to meet future customers’ rising expectations 
of product quality, seamless delivery, and fresh features. 
A systematic approach to quality enables an organization 
to anticipate, change, and transform themselves to their 
customers’ desires.

To be viable in today’s market, organizations must cre-
ate value. Agile, flexible, adaptable, and sustainable business 
strategies and systems will enable the organization to adapt 
to changing customer desires and expectations. Effective 
organizations must use information technology and pro-
cess improvement tools and techniques to eliminate waste, 
allowing quality to create value in everything. As long as 
there is competition, companies will continue to seek ways 
in which to improve their competitive position. After all, if 
you don’t have time for quality the first time, when will you 
have time to fix the problem? The quality concepts tools and 
techniques presented in this text provide a firm foundation 
for any employee in any organization seeking to continually 
improve the way it does business. Case Study 1.1 lets you 
determine where companies are in their quality evolution.

WhO is thE aMEricaN sOciEty 
fOr Quality?
Globalization, the fluidity of the Internet, and shifting 
trade politics can be viewed as either a threat or an oppor-
tunity. To meet today’s challenges, the American Society 
for Quality (ASQ) provides an opportunity for collabora-
tion on innovation, creativity, and change. Knowledge of 
quality tools and techniques is essential for an organiza-
tion’s financial success and ASQ provides access to this 
knowledge. Essentially, ASQ encourages people to put best 
practices to work every day. Through their web pages, 
periodicals, magazines, conferences, online  activities, 
and book publishing, ASQ provides connections with 
other professionals interested in improving the way they 
do business and advancing their career. ASQ provides 
training and  certification in a variety of areas including: 
auditor, Certified Quality Technician, Certified Quality 
Engineer,  Certified Quality Inspector, Certified Reliability 
Engineer, Certified Process Analyst, Lean, Six Sigma Green, 
Black, and Master Black Belt, and others. Figures and tables 
in Chapter 3 provide a brief summary of the concepts, 
tools, and techniques are needed for several certifications. 
Visit ASQ’s website for detailed information. In keeping 
with their vision of making good people great, ASQ seeks 
to show individuals how quality can make their job better 
for a brighter future. A recent visit to the American Society 

for Quality’s Career Center website (http://careers.asq.org 
/search) provided the job listings for over 120 jobs. These 
jobs were found at organizations worldwide and included 
pharmaceuticals, musical instruments, railways, hospitals, 
clinics, software, orthopedics, furniture, durable household 
goods, food production, glassware, technology, automo-
tive, aerospace, shipping (train, plane, trucking, and boat), 
distribution, wireless technologies, toys, heavy machinery, 
education, entertainment, package delivery, and the list 
goes on. Job titles and descriptions included analysts, audi-
tors, managers, inspectors, engineers, software developers, 
supervisors, and technicians. Figure 1.23 provides some 
sample job descriptions in the field of quality. Quality 
affects all organizations, making training in quality tools 
and techniques valuable.

suMMary 

To meet the challenges of a global economy, manufacturers 
and providers of services must balance the economic and 
profit aspects of their businesses with the goal of achieving 
total customer satisfaction. Quality must be designed into, 
built into, and maintained for each product or service pro-
vided by the company. Variation must be removed from 
the processes involved in providing products and services. 
Knowledge of consumer needs, requirements, and expec-
tations will allow the company to succeed in the market-
place. Statistical process control, with its inherent emphasis 
on the creation of a quality product, is paramount in help-
ing companies meet the challenges of global markets. Qual-
ity management improves how an organization performs. 
Benefits include higher customer and employee satisfaction 
and retention, improved performance in the marketplace, 
and better utilization of scarce resources.

Dr. Joseph Juran once said that quality improvement 
“requires the application of statistical methods which, 
up to the present time, have been for the most part, left 
undisturbed in the journals in which they appeared.” The 
tools and techniques discussed in this text have formed the 
underpinnings of each of the major quality improvement 
initiatives including total quality management, Six Sigma, 
and lean. These tools have affected the way people think, 
work, and act in relation to everyday work issues. Effective 
organizations recognize these powerful tools for what they 
are, the cornerstone to organizational success.

You, too, must approach your career in an agile, 
adaptable, systematic, and sustainable manner. How will 
you shape your future? What skills will you need to suc-
ceed in your future? Can you think of any organization 
that wouldn’t be concerned about quality? Adding the 
knowledge of quality tools and techniques to your tool-
box is one way to make yourself more valuable to your 
organization. Effective employees know the language of 
business and strategic quality. Learning basic quality tools 
and techniques is a good way to start. The material in this 
text is divided into four sections. Setting the Stage provides 
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5. In your own words, describe the difference between 
productivity and quality.

6. Every day a dry cleaner receives a wide variety of 
clothes to clean. Some items may be silk, others may 
be wool, others rayon. Some fabrics may be delicate, 
other fabrics may be sturdier. Some clothing may con-
tain stains. As a customer bringing your clothes in to 
be cleaned, what needs, requirements, and expecta-
tions can you identify? What must the dry cleaner do 
to do a quality job? How much would you be willing 
to pay for the service?

7. Define variation. To complete your definition, clearly 
describe a situation where variation exists.

8. Describe the evolution of total quality management.
9. Define the following: specifications, tolerances, inspec-

tion, prevention.
10. Describe the philosophical differences between inspec-

tion, prevention, quality, quality control, statistical 
quality control, statistical process control, total quality 
management, and continuous improvement.

11. Describe the differences between the actions neces-
sary in inspection, quality control, statistical quality 
control, statistical process control, and total quality 
management.

12. Choose and describe a quality (or nonquality) situ-
ation that you or someone close to you has experi-
enced. What role did quality—and the customer’s 
needs, requirements, and expectations—play in this 
situation? Describe how the creator of the product or 
the provider of the service could have dealt with the 
incident. What was your role in the situation? Could 
you have provided better quality inputs?

13. The following is a list of specifications for operating a 
hotel. Add four or five of your own customer specifica-
tions to this list.

Item Specification

Customer Perception of 
Service/Quality

2 or Fewer Complaints 
per Month

Downtime of Reservation/ 
Check-in Computer

Not to Exceed 15 
 Minutes per Month

Room Reservations 
Incorrect/Overbooked

1 or Fewer Occurrences 
per Month

Credit Card Billing/Transac-
tion Errors

1 or Fewer per Month

14. Several department stores have coined famous mot-
tos such as “the customer is always right” (John 
 Wanamaker, Philadelphia department store magnate, 
1865). Mr. Wanamaker went on to say: “It is our 
intention always to give value for value in every sale 
we make and those who are not pleased with what 
they buy do us a positive favor to return the goods 

the background needed to understand the hows and whys 
of quality. Chapter 1 covers quality basics. Chapter 2  
introduces the individuals behind the quality movement. 
Chapter 3 discusses quality management systems. Chapter 4  
teaches organized problem solving. The next two sections 
introduce the two different types of statistical process con-
trol charts that exist. Section 2, Control Charts for Vari-
ables, focuses on the statistics (Chapter 5) necessary to 
understand and create variable control charts (Chapters 6, 7,  
and 8). Section 3, Control Charts for Attributes, pre-
sents probability (Chapter 9) and attribute control charts 
(Chapter 10). Section 4, Expanding the Scope of Quality, 
introduces many key concepts related to quality, includ-
ing: Reliability and Failure Modes and Effects Analysis 
(Chapter 11), Quality Function Deployment and Design of 
Experiments (Chapter 12), Costs of Quality (Chapter 13),  
Product Liability (Chapter 14), and Benchmarking and 
Auditing (Chapter 15).

q➛ lEssONs lEarNEd 

1. Quality is defined by a consumer’s individual and rea-
sonable needs, requirements, and expectations.

2. Processes perform value-added activities on inputs to 
create outputs.

3. Variation is present in any natural process. No two 
products or occurrences are exactly alike.

4. Specifications are used to help define a customer’s 
needs, requirements, and expectations.

5. Productivity is doing something efficiently; quality 
focuses on effectiveness, doing the right things right.

6. The monitoring and control of quality has evolved 
over time. Inspection, quality control, statistical qual-
ity control, statistical process control, and total qual-
ity management are all aspects of the evolution of 
quality.

chaPtEr PrOBlEMs 

1. What is your definition of quality? How does your 
definition compare with Feigenbaum’s?

2. Describe the differences among the definitions for 
quality given by the American Society for Quality, 
Dr. W. Edwards Deming, and Armand Feigenbaum.

3. Using Feigenbaum’s definition, focus on the key aspects 
and discuss how a customer may define quality for hav-
ing a muffler put on his or her car. Be sure to discuss 
the key terms identified in the definition of quality.

4. Using Feigenbaum’s definition, define a quality clock, 
grocery store, doctor visit.
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17. Research and discuss an organization that is using ISO 
9000. What tools and techniques are they using? How 
is their ISO 9000 effort helping their organization?

18. Research and discuss an organization that is using Six 
Sigma. What tools and techniques are they using? How 
is their Six Sigma effort helping their organization?

19. Research and discuss an organization that is using 
lean. What tools and techniques are they using? How 
is their lean effort helping their organization?

20. Name an organization that you have interacted with 
that you consider innovative. Use examples that clearly 
describe why they are an innovative firm.

and get their money back.” How does Mr. Wanam-
aker’s philosophy relate to Feigenbaum’s definition of 
quality?

15. Whenever you visit an organization (for instance, on 
a job interview or as your company’s representative), 
you will need to recognize how that company views 
quality assurance. Describe how you would recognize 
what type of quality philosophy the company practices 
(i.e., inspection, quality assurance, quality manage-
ment, etc.)? Support your description with examples.

16. Choose one topic from this chapter, research it, and 
discuss how this knowledge will affect your work 
career.
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determining the cause of the fire was never assigned to a 
specific individual. None of the plant employees had been 
trained in root cause analysis or statistical methods.

Valiant efforts by the production supervisor yielded 
little insight into the cause. He was unable to obtain 
management support for a visit to the nearby equipment 
manufacturer to study the design of the machine in a 
search for possible causes. Members of the research lab 
took their own approach to determining the cause of the 
fiberglass fire. They analyzed the chemical makeup of the 
material in the oven at the time of the fire. They also sent 
some of the material to a prominent testing lab to have its 
flammability studied. The process engineer also attacked 
the problem, calling in experts from the local university. 
With no responsible individual, no attempts were made to 
share information, limiting the usefulness of the efforts of 
the three individuals most closely involved.

In the meantime, production and part quality suffered, as 
did worker morale. Small fires were reported almost weekly, 
though workers became skilled at putting them out before 
they could cause any damage. Small, random fires soon 
became the status quo of doing business. Additional inspec-
tions were added at several workstations to make sure that 
parts damaged by the small fires did not reach the customers. 
Having satisfied OSHA with a report on the first fire, manage-
ment soon lost interest in the fire, many of them unaware that 
the fires were continuing. Production losses, inspection costs, 
and quality problems related to the fires continue to mount.

TASTY MORSELS CHOCOLATES
Tasty Morsels Chocolates manufactures chocolate candy. 
Their main production line is fully automated, requiring 
little human intervention. Tasty Morsels uses charts to 
track production amounts, scrap rates, production times, 
order quantities, and delays in shipment. Every six weeks, 
these charts are collected and discussed by management. 
No statistical analysis takes place. Despite their efforts, 
they have production cost overruns. Cost overruns can be 
caused by excessive scrap rates, rework amounts, inspec-
tion costs, and overtime.

Two areas stand out as having problems. The first occurs 
following the cooling chamber. Chocolate is mixed until it 
reaches the right consistency, then it is poured into mold 
trays. As the chocolates leave the cooling chamber, two work-
ers reorganize the chocolate mold trays on the conveyor belt. 
This non-value-added, inspection-type activity essentially 
wastes the time of two workers. It also results in damaged 
chocolates when the trays flip over or off of the conveyor.

Tasty Morsels Chocolates prides itself on their quality 
product. To maintain their high standards, before packag-
ing, four workers inspect nearly every piece of chocolate as 
it emerges from the wrapping machine. A full 25 percent 
of the chocolate production is thrown out in a large gar-
bage can. Though this type of inspection prevents poorly 
wrapped chocolates from reaching the consumer, this is 
a very high internal failure cost of quality. So far, though 
these two problems are apparent to nearly everyone in the 
plant, no efforts have been made to improve the process.

q➛ casE study 1.1 

Quality Evolution: Where Are They Now?*

Read the following scenarios and determine where these 
organizations are in the evolution of quality. What clues 
did you read that support your conclusions?

CLP INDUSTRIES
CLP Industries, an aircraft electrical systems and compo-
nent supplier, designs and manufactures many components 
critical to the safe operation of commercial aircraft. Process 
improvement efforts emphasize the reduction of variation. 
Quality is an organization-wide approach to doing business. 
Quality is designed and manufactured into their products. 
Systems are in place that emphasize design control, process 
control, purchasing, inspection and testing, and control of 
nonconformances. Throughout the plant, processes have 
been mapped and investigated to remove non-value-added 
activities. Performance measures are used to monitor and 
control process performance. Workers in the plant are 
skilled in statistical process control tools and techniques. 
They participate in problem-solving teams on an as-needed 
basis. CLP employees from all departments, including engi-
neering, accounting, purchasing, sales, and manufacturing, 
participate in on- and off-site training opportunities in areas 
such as statistical process control basics, design of experi-
ments, lean manufacturing, performance metrics, commu-
nicating with the customer, and others.

Representatives from the company participate actively in 
the International Aerospace Quality Group (IAQG). This 
organization works to establish commonality of quality 
standards and requirements, encourage continuous improve-
ment processes at suppliers, determine effective methods to 
share results, and formulate responses to regulatory require-
ments. Plans are in place to upgrade their existing ISO 9000 
Quality System to the AS9100 Quality Standard. Proposed 
for the aerospace industry worldwide, this quality stand-
ard seeks to standardize aerospace quality expectations 
on a global level. AS9100 adds 83 additional and specific 
requirements to the 20 elements of ISO 9001, including 
requirements for safety, reliability, and maintainability.

FIBERGLASS FORMULATIONS
Fiberglass Formulations manufactures fiberglass-based fit-
tings for the automotive and boating industry. At Fiberglass 
Formulations firefighting is taken quite seriously. Recently, 
when one of their fiberglass curing ovens caught on fire, they 
reacted quickly to put out the fire. Encouraged by repre-
sentatives from the Occupational Safety and Health Admin-
istration (OSHA), they were determined to prevent future 
fires. Unfortunately, their approach to finding the root cause 
of the fire was less than organized. The responsibility for 

*Donna C. Summers, Quality,6e, © 2018, Pearson Education, Inc., 
New York, NY
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 j Case Study 2.1 Quality Hospitals

QualiTy advocaTes

Most individuals are motivated to do the best they 
can. Sometimes, though, the goal seems too far 
away and too hard to reach. The problem appears too 
big to tackle. How does a company deal with these 
issues? How can managers enable their  employees 
to do their best? This chapter discusses quality 
 management and the quality advocates who have 
encouraged its use. Through effective management, 
companies can  significantly improve their levels of 
quality,  productivity, effectiveness, and customer and 
employee satisfaction.

q➛  L E A R N I N G  O P P O R T U N I T I E S

1. To become familiar with seven quality masters

2. To understand the philosophies of quality management 
and continuous improvement

Awesome Odd Christos Georghiou/Fotolia
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limits, how the phenomenon may be expected to vary 
in the future. Here it is understood that prediction within 
limits means that we can state, at least approximately, the 
probability that the observed phenomenon will fall within 
the given limits.*

Though he was a physicist, Dr. Shewhart studied 
process control through the use of charting techniques. 
Based on his understanding of variation and the belief that 
assignable causes of variation could be found and elimi-
nated, Dr. Shewhart developed the formulas and table of 
constants used to create the most widely used statistical 
control charts in quality: the X and R charts (Chapter 5 
and Appendix 2). These charts (Figure 2.1) first appeared 
in a May 16, 1924, internal Bell Telephone Laboratories 
report. Later in his 1931 text, Economic Control of Qual-
ity of Manufactured Product, Dr. Shewhart presented the 
foundation principles upon which modern quality control 
is based.

To develop the charts, Dr. Shewhart first set about 
determining the relationship between the standard devia-
tion of the mean and the standard deviation of the indi-
vidual observations. He demonstrated the relationship by 
using numbered, metal-lined, disk-shaped tags. From a 
bowl borrowed from his wife’s kitchen, he drew these tags 
at random to confirm the standard deviation of subgroup 
sample means is the standard deviation of individual sam-
ples divided by the square root of the subgroup size.

sx =
s2n

where

 sx = standard deviation of the mean (standard error)
 s = standard deviation of individual observations
 n = number  of observations in each subgroup mean

The control charts, as designed by Dr. Shewhart, have 
three purposes: to define standards for the process, to aid 
in problem-solving efforts to attain the standards, and to 
judge whether the standards have been met. These charts 
are covered in detail in Chapters 6, 7, 8, and 10. Although 
Dr. Shewhart concentrated his efforts on manufacturing 
processes, his ideas and charts are applicable to any process 
found in nonmanufacturing environments.

Statistical process control charts are more than a tool. 
They provide a framework for monitoring the behavior 
of a process and provide a feedback loop that enables 
organizations to achieve dramatic process improvements. 
Since their introduction in 1931, Dr. Shewhart’s control 
charts have served to advance process improvement efforts 
in nearly every type of industry despite differing opinions 
about their appropriateness, applicability, limits deriva-
tions, sampling frequency, and use. It is a tribute to the 
ruggedness of Shewhart’s invention that they remain the 
preeminent statistical process control tool.

QualiTy advocaTes
Many individuals have proclaimed the importance of qual-
ity. The seven discussed in this chapter are among the most 
prominent advocates. You’ll see that basic similarities exist 
among their ideas. Following a brief introduction to the 
seven men, we’ll look at the concept of total quality man-
agement and explain some of the similarities found in the 
philosophies of these leading professionals.

Dr. Walter Shewhart
Like most of us, Dr. Walter Shewhart (1891–1967) believed 
that we could make great decisions if we had perfect knowl-
edge of the situation. However, life rarely provides perfect 
knowledge and who has time to wait for it anyway? Since 
work needs to be done and decisions need to be made,  
Dr. Shewhart developed statistical methods that can be 
used to understand and improve the quality of the pro-
cesses that provide goods and services.

While working at Bell Laboratories in the 1920s and 
1930s, Dr. Shewhart was the first to encourage the use 
of statistics to identify, monitor, and eventually remove 
the sources of variation found in repetitive processes. 
His work combined two aspects of quality: the subjective 
aspect, what the customer wants; and the objective side, 
the physical properties of the goods or services, including 
the value received for the price paid. He recognized that 
when translating customer requirements to actual products 
and services, statistical measures of key characteristics are 
important to ensure quality.

Dr. Shewhart identified two sources of variation 
in a process. Controlled variation, also termed com-
mon causes, is variation present in a process due to the 
very nature of the process. This type of variation can be 
removed from the process only by changing the process. 
For example, consider a person who has driven the same 
route to work dozens of times and determined that it takes 
about 20 minutes to get from home to work, regardless of 
minor changes in weather or traffic conditions. If this is 
the case, then the only way the person can improve upon 
this time is to change the process by finding a new route. 
Uncontrolled variation, also known as special or assign-
able causes, comes from sources external to the process. 
This type of variation is not normally part of the process. 
It can be identified and isolated as the cause of a change 
in the behavior of the process. For instance, a commuter 
would experience uncontrolled variation if a major traffic 
accident stopped traffic or a blizzard made traveling nearly 
impossible. Uncontrolled variation prevents the process 
from performing to the best of its ability.

It was Dr. Shewhart who put forth the fundamental 
principle that once a process is under control, exhibiting 
only controlled variation, future process performance can 
be predicted, within limits, on the basis of past perfor-
mance. He wrote:

A phenomenon will be said to be controlled when, through 
the use of past experience, we can predict, at least  within 

*From Economic Control of quality of manufactured product by Walter 
Andrew Shewhart. Published by D. Van Nostrand Company, © 1931
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Dr. W. Edwards Deming
Dr. W. Edwards Deming (1900–1993) made it his mission 
to teach optimal management strategies and practices for 
organizations focused on quality. Dr. Deming encouraged 
top-level management to get involved in creating an envi-
ronment that supports continuous improvement. A stat-
istician by training, Dr. Deming (Figure 2.2) graduated 
from Yale University in 1928. He first began spreading 
his quality message shortly after World War II. In the face 
of American prosperity following the war, his message 

was not accepted in the United States. His work with the 
Census Bureau and other government agencies led to his 
eventual contacts with Japan as that nation was beginning 
to rebuild. There he helped turn Japan into an industrial 
force to be reckoned with. His efforts resulted in his being 
awarded the Second Order of the Sacred Treasure from the 
Emperor of Japan. It was only after his early 1980s appear-
ance on the TV program “If Japan Can, Why Can’t We?” 
that Dr. Deming found an audience in the United States. 
Over time, he became one of the most influential experts 
on quality assurance.

Dr. Deming considered quality and process improve-
ment activities as the catalyst necessary to start an eco-
nomic chain reaction. Improving quality leads to decreased 
costs, fewer mistakes, fewer delays, and better use of 
resources, which in turn leads to improved productivity, 
which enables a company to capture more of the market, 
which enables the company to stay in business, which 
results in providing more jobs (Figure 2.3). He felt that 
without quality improvement efforts to light the fuse, this 
process would not begin.

Dr. Deming, who described his work as “manage-
ment for quality,” felt that the consumer is the most criti-
cal aspect in the production of a product or the provision 
of a service. Listening to the voice of the customer and 
utilizing the information learned to improve products and 
services is an integral part of his teachings. To Dr.  Deming, 
quality must be defined in terms of customer satisfaction. 
Such a customer focus means that the quality of a product 
or service is multidimensional. It also means that there are 
different degrees of quality; a product that completely sat-
isfies customer A, may not satisfy customer B. In Out of 

FIguRe 2.1  Typical X and R Charts
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the Crisis, Dr. Deming stresses that quality efforts should 
be directed at the present and future needs of the con-
sumer. Deming is careful to point out that future needs 
of the customer may not necessarily be identified by the 
customer but rather for the customer. The need for some of 
the products we use in our day-to-day lives (DVDs, micro-
waves, electronic mail, deodorants) was developed by the 
companies designing, manufacturing, and advertising these 
products. In other words, consumers do not necessarily 
know what they want until they have used the product or 
received the service. From there, consumers may refine the 
attributes they desire in a product or service.

Dr. Deming’s philosophies focus heavily on manage-
ment involvement, continuous improvement, statistical 
analysis, goal setting, and communication. His message, 
in the form of 14 points, is aimed primarily at manage-
ment (Figure 2.4). He felt that it wasn’t enough for an 
employee to do their best, they first have to know what to 
do. Only organizational leaders can design processes that 
support organizational excellence. Dr. Deming’s philoso-
phy encourages company leaders to dedicate themselves 
and their companies to the long-term improvement of their 
products or services. Dr. Deming’s first point—Create a 
constancy of purpose toward improvement of product and 
service, with the aim to become competitive and to stay 
in business and to provide jobs—encourages leadership to 
accept the obligation to constantly improve the product 
or service through innovation, research, education, and 

continual improvement in all facets of the organization. A 
company is like an Olympic athlete who must constantly 
train, practice, learn, and improve in order to attain a gold 
medal. Lack of constancy of purpose is one of the deadly 
diseases Dr. Deming warns about in his writings. Without 
dedication, the performance of any task cannot reach its 
best. Dr. Deming’s second point—Adopt the new philoso-
phy (that rejects “acceptable” quality levels and poor ser-
vice as a way of life)—supports continuous improvement 
in all that we do. The 12 other points ask management to 
rethink past practices, such as awarding business on the 
basis of price tag alone, using mass inspection, setting arbi-
trary numerical goals and quotas, enforcing arbitrary work 
time standards, allowing incomplete training or education, 
and using outdated methods of supervision. Mass inspec-
tion has limited value because quality cannot be inspected 
into a product. Quality can be designed into a product and 
manufacturing processes can produce it correctly; how-
ever, after it has been made, quality cannot be inspected 
into it. Similarly, awarding business on the basis of price 
tag alone is shortsighted and fails to establish mutual con-
fidence between the supplier and the purchaser. Low-cost 
choices may lead to losses in productivity elsewhere.

Leadership, along with the concepts of authority and 
responsibility, plays a significant role in all Dr. Deming’s 
points. Without effective leadership, an organization and 
the people working within it are rudderless and cannot 
reach their full potential. Throughout his life, Dr. Deming 

FIguRe 2.3  Deming’s Economic Chain Reaction
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1. Create a constancy of purpose toward improvement of product and service, with the
aim to become competitive and to stay in business and to provide jobs.

2. Adopt the new philosophy.
3. Cease dependence on inspection to achieve quality.
4. End the practice of awarding business on the basis of price tag alone. Instead 

minimize total cost.
5. Constantly and forever improve the system of production and service.
6. Institute training on the job.
7. Institute leadership.
8. Drive out fear.
9. Break down barriers between departments.

10. Eliminate slogans, exhortations, and targets for the workforce.
11. Eliminate arbitrary work standards and numerical quotas. Substitute leadership.
12. Remove barriers that rob people of their right to pride of workmanship.
13. Institute a vigorous program of education and self-improvement.
14. Put everybody in the company to work to accomplish the transformation.
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encouraged leadership to create and manage systems that 
enable people to find joy in their work. Dr. Deming’s point 
about driving out fear stresses the importance of communi-
cation between leadership and management. Effective lead-
ers welcome the  opportunity to listen to their  employees 
and act on valid  suggestions and resolve key issues. 
Dr. Deming also points out the need to remove barriers 
that rob individuals of the right of pride in workmanship. 
Barriers are any aspects of a job that prevent employees 
from doing their jobs well. By removing them, leadership 
creates an environment supportive of their employees and 
the continuous improvement of their day-to-day activities. 
Improved management–employee interaction, as well as 
increased communication between departments, will lead 
to more effective solutions to the challenges of creating 
a product or providing a service. Education and training 
also play an integral part in Dr. Deming’s plan.  Continual 
education creates an atmosphere that encourages the 
discovery of new ideas and methods. This translates to 
innovative solutions to problems.  Training ensures that 
products and services are provided that meet standards 
established by customer requirements.

Dr. Deming defined quality as nonfaulty systems. At 
first glance this seems to be an incomplete definition, espe-
cially when compared to that of Dr. Feigenbaum.  Consider, 
however, what is meant by a system. Systems enable 
organizations to provide their customers with products 
and  services. Faulty systems cannot help but create faulty 
products and services, resulting in unhappy customers. By 
focusing attention on the systems that create products and 
services, Dr. Deming is getting at the heart of the matter.

Dr. Deming used the red bead experiment to help 
leaders understand how a process with problems can 
inhibit an individual’s ability to perform at his or her best.  
Dr. Deming used this experiment to create an understanding 
of his point—Remove barriers that rob people of their right 
to pride of workmanship. To conduct his experiment, Dr. 
Deming filled a box with 1,000 beads, 800 white and 200 
red. Participants randomly scooped 100 beads from the box. 
The participants have no control over which beads the scoop 
picked up or the percentage of red beads in the box. Given 
these constraints, 20 percent of the beads selected were red. 
Since only white beads are acceptable, Dr.  Deming chastised 
those who scooped red beads from the box even though 

JR Precision Shafts recently experienced several rejections from 
one of their customers for several of their complexly designed parts. 
As a stopgap measure, JRPS instituted 100 percent inspection to 
minimize the chance of the customer receiving components that 
didn’t meet specifications. Scrap rates were high. Due to the com-
plexities of the components, rework, typically, was not an option.

When products don’t live up to a customer’s expectations, 
customers shop elsewhere. The automotive customer, recogniz-
ing that they faced a high probability of receiving defective parts 
because 100 percent inspection is rarely 100 percent effective, 
began to “shop the work.”

At JRPS, costs associated with 100 percent inspection and 
manufacturing replacement components mounted. The thought of 
losing a customer disturbed them. JRPS recognized that  
Dr. Deming’s philosophy of “creating a constancy of purpose 
toward improvement of product and service” would enable them 
to keep the component job, become more competitive, stay in 
business, and provide jobs. Since 100 percent inspection is 
expensive and ineffective, JRPS wanted to enact process changes 
that would allow them to follow Dr. Deming’s third point and 
“cease dependence on inspection to achieve quality.”

Following Dr. Deming’s fifth point, “constantly and forever 
improve the system of production and service,” JRPS formed 
product improvement teams comprised of engineers and machine 
operators most closely associated with each component. Dr. 
Shewhart’s X and R charts, recording process performance, 
formed the center of the improvement efforts.

The benefits of this approach to doing business were numer-
ous. By “putting everyone in the company to work to accomplish 
the transformation,” a change came over the production line. As 
operators learned to use and understand the X and R charts, they 
learned about their manufacturing processes. Process improve-
ments, based on the knowledge gained from these charts, signifi-
cantly improved component quality. Employee morale increased 

as they started to take an interest in their jobs. This was a big 
change for the union shop.

Changes happened on the individual level too. As manage-
ment followed Dr. Deming’s seventh, sixth, and eighth points and 
“instituted leadership” by “instituting training on the job,” they 
were able to “drive out fear.” One operator, who originally was 
very vocal about not wanting to be on the team, eventually ended 
up as a team leader.

Unbeknownst to his coworkers, this operator faced a signifi-
cant barrier that “robbed him of his right to pride of workman-
ship” (Dr. Deming’s 12th point). He had dropped out of school 
after sixth grade and had a very difficult time with math and 
reading. His understanding of math was so limited, he couldn’t 
understand or calculate an average or a range. To hide his lack of 
math skills, he memorized which keys to use on the calculator. 
As he attended classes offered by the company, he learned how 
to plot and interpret data in order to make process adjustments 
based on trends and out of control points. The more involved 
he became in the improvement efforts, the more he realized 
how interesting his work had become. His involvement with the 
team inspired him to go back to school and get his High School 
 Graduate Equivalency Degree at the age of 55. He followed Dr. 
Deming’s 13th point, “institute a vigorous program of education 
and self-improvement.”

Rather than rely on “slogans, exhortations, and targets for 
the work force,” JRPS followed Dr. Deming’s advice and elimi-
nated “arbitrary work standards and numerical quotas.” JRPS 
was able to “cease dependence on inspection to achieve qual-
ity.” They “substituted leadership,” earning awards for being 
the most improved supplier. With their ability to manufacture 
complex components to customer specifications with nearly zero 
scrap, the plant has become the most profitable of the entire 
corporation.

Following Dr. Deming’s Teachings at JRPS Real Tools for Real liFeq➛

q➛
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they have no control over their performance.  Similarly, 
 employees in an organization may often be blamed for faulty 
performance when in actuality it is the system that is faulty. 
The red beads represent problems in the system or process 
that can be changed only through  leadership involvement. 
To Dr. Deming, it is the job of leaders to create nonfaulty 
systems by removing the “red beads.”

Reducing the variation present in a system or  process is 
one of the most critical messages Dr. Deming sent to leader-
ship. To do this, he emphasized the use of the  statistics and 
quality techniques espoused by Dr. Shewhart and  covered 
in Chapters 3, 4, 5, 6, 7, and 9 in this text.  According to 
Dr. Deming, process improvement is best  carried out in 
three stages:

Stage 1: Get the process under control by identifying 
and eliminating the sources of uncontrolled variation. 
Remove the special causes responsible for the variation.

Stage 2: Once the special causes have been removed 
and the process is stable, improve the process. 
Investigate whether waste exists in the process. 
Tackle the common causes responsible for the 
controlled variation present in the process. Deter-
mine if process changes can remove them from the 
process.

Stage 3: Monitor the improved process to determine if 
the changes made are working.

Dr. Deming used a second experiment, the funnel 
experiment, to describes how tampering with a process 
can actually make the performance of that process worse. 
For this experiment, beads are dropped from a funnel over 
a target. During the experiment, the funnel is moved in 
three different ways. The reason for moving the funnel is 
to try to get the beads to cluster around the target, thus 

exhibiting very little variation in where they land. At first, 
the funnel is held stationary above the target, resulting in 
the pattern shown in Figure 2.5 under Rule 1. Next, the 
funnel is moved each time to where the bead landed on 
the previous trial, creating the pattern shown in Figure 2.6 
under Rule 2. The third method requires that the funnel 
be moved in the opposite direction from where the bead 
from the previous trial lands. This results in the pattern 
shown in Figure 2.5 under Rule 3. Note that the smallest 
pattern, the one with the least amount of variation around 
the target, is the first one where the funnel is not moved. 
Using this experiment, Dr. Deming shows that tampering 
with a process, that is, moving the funnel actually increases 
the variation and results in poorer performance. Rule 4 
attempts to compensate for the error by placing the funnel 
over the position where the ball last came to rest. The rule 
causes the marble to roll further and further away from the 
target in one direction.

Tampering can be avoided by isolating and remov-
ing the root causes of process variation through the use 
of the Plan-Do-Study-Act (PDSA) problem-solving cycle. 
When tackling process improvement, it is important to 
find the root cause of the variation. Rather than apply 
a Band-Aid sort of fix, when seeking the causes of vari-
ation in the process, Dr. Deming encouraged the use of 
the PDSA cycle (Figure 2.8). Originally developed by Dr. 
Walter Shewhart, the PDSA cycle is a systematic approach 
to problem solving. During the Plan phase, users of the 
cycle study a problem and plan a solution. This should be 
the portion of the cycle that receives the most attention, 
since good plans lead to well-thought-out solutions. The 
solution is implemented during the Do phase of the cycle. 
During the Study phase, the results of the change to the 
process are studied. Finally, during the Act phase, when 

FIguRe 2.5  Deming’s Funnel Experiment
Source: Summers, Donna C. S., Quality Management, 2nd, © N/A. Electronically reproduced by permission of Pearson Education, 
Inc., Upper Saddle River, New Jersey.

RuLe 1
No Compensation: Do not adjust the funnel position. Center the funnel over the target and leave it there for the duration of the 
experiment.
Rationale: Intuitively, we know that this is probably not the way to get the best results. However, this strategy will give us some 
baseline data. We can compare the results using one of the other rules with this baseline to measure our improvement. We could 
also be lucky enough to hit the target once in a while.

(continued)
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Rationale: This rule attempts to compensate for the inaccuracy of the funnel. If the funnel drops the bead off the target by a certain 
amount, it is reasonable to suppose that moving the funnel in the opposite direction by the same amount will improve the results. 
This rule requires us to remember the position of the funnel at the last drop.

RuLe 2
Exact Compensation: Measure the distance from the last drop to the target. Compensate for the error by moving the funnel the 
same distance, but in the opposite direction from its last position.

RuLe 3
Overcompensation: Measure the distance from the last drop to the target, Center the funnel on the target; then move it the same 
distance from the target as the last drop, but in the opposite direction.

Compensation

Error

RuLe 4
Consistency: Center the funnel over the last drop.

Compensation

Error

Compensation

Error

Rationale: In this case we use the target as a basis for our adjustment, rather than the last position of the funnel, as in Rule 2. This 
is probably our only recourse if we know only the position of the target and the last drop, and not the position of the funnel.

Rationale: The objective of Rule 4 is to maintain consistent results. Even if we miss the target, the results should be consistent, 
since we always aim for the position of the last drop. If we are off target, we can always take care of it later.

FIguRe 2.5  (continued)
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The Whisk Wheel Company has been notified by its largest cus-
tomer, Rosewood Bicycle, Inc., that Whisk Wheel will need to 
dramatically improve the quality level associated with the hub 
operation. Currently the operation is unable to meet the specifica-
tion limits set by the customer. Rosewood has been sorting the 
parts on the production line before assembly, but they want to end 
this practice. Figure 2.6 shows the product in question, a wheel 
hub. The hub shaft is made of chrome-moly steel. The dimension 
in question is the shaft length. The specification for the length 
is 3.750 { 0.005 inch. The process involves taking 12-foot-long 
chrome-moly steel shafts purchased from a supplier, straightening 
them, and cutting them to 3.750-inch length.

To determine the root causes of variation in hub length, the 
engineers are studying the cutting operation and the operator. 

The operator performs the process in the following manner. Every 
18 minutes, he measures the length of six hubs. The length val-
ues for the six consecutively produced hubs are averaged, and the 
average and range are plotted on X and R charts. Periodically, 
the operator reviews the evolving data and makes a decision as to 
whether the process mean (the hub length) needs to be adjusted. 
The operator can make these adjustments by stopping the 
machine, loosening some clamps, and jogging the cutting device 
back or forth depending on the adjustment the operator feels is 
necessary. This process takes about five minutes and appears to 
occur fairly often.

Based on the engineers’ knowledge of Dr. Deming’s funnel 
experiment, they are quick to realize that the operator is adding 
variation to the process. He appears to be overcontrolling (over-
adjusting) the process because he cannot distinguish between 
common cause variation and special cause variation. The operator 
has been reacting to patterns in the data that may be inherent 
( common) to the process. The consequences of this mistake 
are devastating to a process. Each time an adjustment is made 
when it is not necessary, variation is introduced to the process 
that would not be there otherwise. Not only is quality essentially 
decreased (made more variable) with each adjustment, but 
 production time is unnecessarily lost.

Use Figure 2.7 to compare the differences in the charts when 
an adjustment is made or no adjustment is made to the process. 
Note that the process has stabilized because no unnecessary 
adjustments have been made. The range chart shows less varia-
tion in the process. The method of overcontrol has proved costly 
from a quality (inconsistent product) and a productivity (machine 
downtime, higher scrap) point of view.

Tampering with the Process Real Tools for Real liFeq➛
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FIguRe 2.6  Hub Assembly

FIguRe 2.7  The Effects of Tampering on a System

3.752

3.746

3.748

3.750

Tampering  No Tampering

 Hub Length
Xbar Chart

Temporary: UCL = 3.753, Mean = 3.750, LCL = 3.746 (n = 6)
UCL

Mean
New Mean

LCL

0.014

0.004

0.002

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48

0.006

0.008

0.010

0.012

 Range Chart
Temporary: UCL = 0.015, Mean = 0.007, LCL = none (n = 6)

UCL

Mean

New Mean

M02_SUMM3273_06_SE_C02.indd   33 10/28/16   8:59 PM



34 Chapter two

the results of the Study phase reveal that the root cause 
of the problem has been isolated and removed from the 
process permanently, the changes are made permanent. 
If the problem has not been resolved, a return trip to the 
Plan portion of the cycle for further investigation is under-
taken. The PDSA cycle of problem solving will be covered 
in detail in Chapter 3.

example 2.1 using PDSA at a Hospital
Behind the scenes at hospitals, maintenance departments 
maintain equipment ranging from elevators, ventilation 
systems, and water pipes to generators, lighting, and air 
conditioning. Quality plays a key role in their jobs too. 
JQOS hospital’s employees have a long-term continuous 
improvement focus. They utilize Dr. Deming’s PDSA cycle 
to help their hospital reach its vision of being a preeminent 
provider of comprehensive, cost-effective, high-quality 
patient care and service.

At JQOS, many employees belong to continuous 
improvement (CI) groups. In the maintenance department, 
the CI group uses Dr. Shewhart’s control charts to track 
significant incidences, such as water pipe breakage or 
elevator failure, which have the potential to affect either 
patients or employees. They also track percentage comple-
tion rates for preventive maintenance, such as performing 
preventive maintenance on fans, filters, water pipes, and 
elevators. Their goal is 97 percent of necessary preventive 
maintenance completed at any moment in time.

When a problem arises, they utilize a slightly modified 
version of Dr. Deming’s PDSA process. They have subdi-
vided it into seven steps. During the Plan phase, the first 
step is to clarify what needs to be accomplished. Step 2 
of the Plan phase involves analyzing the current situation. 
This step focuses on developing a baseline and an under-
standing of the current situation. Step 3 in the Plan phase 
is cause analysis. At this step, team members develop and 
test theories on what caused the identified problems from 
Step 2. They use many of the seven tools of quality, which 
will be introduced later in this and future chapters. The Do 

phase of problem solving is Step 4, solutions. During Step 4,  
the team develops and implements changes to address 
the root causes found in Step 3. Step 5, results, is the 
Study phase. Team members take the time to study the 
results of the implemented solutions to see what impact 
they had. They seek to answer whether the solutions they 
implemented actually solved the problem. At this time, if 
refinements are needed, they make them. If the solution 
worked well, the team moves on to the Act phase. If not, 
the team goes back to the beginning of the Plan phase to 
try to better understand the root cause of the problem. 
During the Act phase, two steps are taken. The purpose 
of Step 6, standardization, is to document improvements, 
train employees on new methods, and implement changes 
on a broader scale. Now is the time to lock in the gains 
made. Step 7, future plans, involves documenting lessons 
learned from the problemsolving experience and identify-
ing further improvement opportunities. Chapter 3 presents 
the PDSA cycle in detail.

q➛

Systems thinking was a critical aspect of Dr. Dem-
ing’s work. He felt that all systems must have a specific 
goal to achieve. Clearly stating that goal will enable the 
people within the system to understand what they need 
to accomplish. By taking a systems approach, Dr.  Deming 
hoped that people would understand that they are like 
an orchestra, seeking to blend their efforts together, to 
support each other, rather than play solos. Those tak-
ing the systems approach pay attention to the interac-
tions between the parts. To be effective, an organization 
must manage the interactions between components in the 
system.

In his final book, The New Economics, Dr. Deming 
tied much of his life’s work together when he introduced 
the concept of profound knowledge. There are four inter-
related parts of a system of profound knowledge:*

 j An appreciation for a system
 j Knowledge of variation
 j Theory of knowledge
 j Psychology

Effective leaders have an appreciation for the systems 
that work together to create their organization’s products 
and services. They understand the interactions, interrela-
tionships, and flow of a complex system. Those who have 
an appreciation for a system create alignment between 
their customers’ needs, requirements, and expectations, 
the systems that produce products and services, and their 
organization’s purpose. Their efforts focus on improving 
these systems by using the PDSA problem-solving method 
to remove the system faults that result in errors.

FIguRe 2.8  The Shewhart Cycle 
as championed by Dr. W. Edwards 
 Deming
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DOCHECK
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Pearson Education Inc.

*From four Interrelated Parts of a System of Profound Knowledge from 
The New Economics: For Industry, Government, Education by William 
Edwards Deming. Published by MIT Press, © 2000.
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Knowledge of variation means being able to distin-
guish between controlled and uncontrolled variation. First 
defined by Dr. Walter Shewhart, common or controlled 
variation is the variation present in a process or system 
due to its very nature. This natural variation can only be 
removed by changing the process or system in some way. 
Special cause variation, also known as uncontrolled vari-
ation, is the variation present in a process due to some 
specific cause. This source of variation in a process can be 
readily identified and removed from the system or process. 
Significant process improvement comes from obtaining sta-
tistical knowledge about a process through control chart-
ing, the study of variation and the gathering and analysis 
of factual data.

The theory of knowledge involves using data to 
understand situations. Dr. Deming encouraged the use of 
fact-based information when making decisions. Effective 
leaders gather and analyze information for trends, pat-
terns, and anomalies before reaching conclusions.

An understanding of psychology enables us to under-
stand each other better, whether as customers or employ-
ees. By understanding people, their interactions and their 
intrinsic motivations, leaders can make better decisions.

Knowledge of all these areas enables companies to 
expand beyond small process improvement efforts and to 
optimize systems in their entirety rather than suboptimize 
only their parts. This type of systems thinking both requires 
and allows organizations to focus on the long term.

Dr. Deming’s influence continues today. Many of the 
concepts and ideas he espoused can be found in today’s 
continuous improvement programs and international 
standards. For example, the year 2015 revision of the 
international quality standard, ISO 9000, places significant 
emphasis on management involvement and responsibility, 
including communicating customer requirements, develop-
ing an integrated overall plan to support meeting customer 
requirements, measuring key product and service charac-
teristics, providing ongoing training, and demonstrating 
leadership.

Living the continuous improvement philosophy is not 
easy. The level of dedication required to become the best 
is phenomenal. Dr. Deming warned against the “hope for 
instant pudding.” Improvement takes time and effort and 
does not happen instantly. The hope for instant pudding is 
one that afflicts us all. After all, how many of us wouldn’t 
like all our problems to be taken care of just wishing them 
away? Dr. Deming’s philosophies cover all aspects of the 
business, from customers to leadership to employees, and 
from products and services to processes. As evidenced by 
his 14th point—Put everybody in the company to work 
to accomplish the transformation—Dr. Deming’s quality 
system is really an ongoing process of improvement. To 
him, quality must be an integral part of how a company 
does business. Organizations must continuously strive to 
improve; after all, the competition isn’t going to wait for 
them to catch up!

Dr. Joseph M. Juran
Born December 24, 1904, Dr. Joseph M. Juran (1904–2008) 
emigrated from Romania to Minneapolis, Minnesota, in 
1912. In 1920, he enrolled in Electrical Engineering at the 
University of Minnesota. After earning his degree, he went 
to Western Electric as an engineer at the Hawthorne Manu-
facturing plant in Cicero, Illinois. There he served in one 
of the first inspection statistical departments in  industry. 
During the Depression, he earned a law degree, just in 
case he needed an employment alternative. During World 
War II, he served in the Statistics, Requisitions, Accounts, 
and Control Section of the Lend-Lease administration. 
He was responsible for the procurement and leasing of 
arms, equipment, and supplies to World War II allies. Like  
Dr. Deming, Dr. Juran played a significant role in the 
rebuilding of Japan following World War II. Based on 
their work, both he and Deming were awarded the Second 
Order of the Sacred Treasure from the Emperor of Japan.

Dr. Juran’s approach involves creating awareness of 
the need to improve, making quality improvement an inte-
gral part of each job, providing training in quality meth-
ods, establishing team problem solving, and recognizing 
results. Dr. Juran emphasizes the need to improve the 
entire system. To improve quality, individuals in a com-
pany need to develop techniques and skills and understand 
how to apply them. Dr. Juran’s definition of quality goes 
beyond the immediate product or moment of service. To 
Dr. Juran, quality is a concept that needs to be found in 
all aspects of business. As shown in Figure 2.9, Dr. Juran 
contrasts big Q and little q to show the broad applicability 
of quality concepts.

During his career, Dr. Juran significantly influenced 
the movement of quality from a narrow statistical field to 
quality as a management focus. He attributed his change in 
emphasis to having read Margaret Mead’s book Cultural 
Patterns and Technical Change (first edition, UNESCO, 
1955). The book describes how a clash of cultures leads 
to resistance to change, as demonstrated by resistance 
in developing nations to the United Nations’ efforts to 
improve conditions. Dr. Juran felt this resistance to change 
could also be seen in clashes between management and 
employees. His book Managerial Breakthrough (McGraw-
Hill, 1964) discusses cultural resistance and how to deal 
with it. He felt that managing for quality is more than an 
offshoot of general management, it is a science in its own 
right. He followed this book with a trilogy that outlines 
three key components of managing for quality.

Dr. Juran makes use of three managerial processes: 
Quality Planning, Quality Control, and Quality Improve-
ment. By following Dr. Juran’s approach, companies can 
reduce the costs associated with poor quality and remove 
chronic waste from their organizations. Quality Planning 
encourages the development of methods to stay in tune 
with customers’ needs and expectations. Quality Control 
involves comparing products produced with goals and 
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specifications. Quality Improvement involves the ongoing 
process of improvement necessary for the company’s con-
tinued success.

In his text, Juran on Leadership for Quality: An Execu-
tive Handbook, Dr. Juran puts forth three fundamental ten-
ets: upper management leadership, continuous education, 
and annual planning for quality improvement and cost 
reduction. Dr. Juran discusses the importance of achieving 
world-class quality by identifying the need for improvement, 
selecting appropriate projects, and creating an organiza-
tional structure that guides the diagnosis and analysis of the 
projects. Successful improvement efforts encourage break-
throughs in knowledge and attitudes. The commitment and 
personal leadership of top management must be ensured in 
order to break through cultural resistance to change.

In his project-by-project implementation procedure, 
project teams are set up to investigate and solve specific 
problems. To guide the project teams, the Juran program 
establishes a steering committee. The steering committee 
serves three purposes: to ensure emphasis on the compa-
ny’s goals, to grant authority to diagnose and investigate 
problems, and to protect departmental rights.

The project teams should be composed of individuals 
with diverse backgrounds. Diversity serves several pur-
poses. It allows for a variety of viewpoints, thus avoiding 
preconceived answers to the problem. Having a diversi-
fied group also aids in implementing the solutions found. 
Group members are more willing to implement the solu-
tion because they have a stake in the project. The differ-
ent backgrounds of the group members can also assist in 
breaking down the cultural resistance to change.

Juran’s project teams are encouraged to use a sys-
tematic approach to problem solving and use a variety of 
investigative tools to clarify the symptoms and locate the 
true cause(s) of the problem. When the cause is determined, 
finding a solution becomes a process of proposing rem-
edies, testing them, and instituting the remedy that most 
effectively solves the problem. Controlling the process once 
changes have been made is important to ensure that the 
efforts have not been wasted. Improvements continue as 
the groups study and resolve other problems.

At 100 years of age, in an interview with Quality Progress 
magazine May 2004, a spry and active Dr. Juran had this 
advice for people: “become bilingual; learn to communicate 

with senior managers by converting quality data into the 
language of business and finance.”* He is referring to the 
need to state quality goals in financial terms so that they can 
enhance the organization’s overall business plan.

Dr. Armand Feigenbaum
Armand Feigenbaum (1922–2014) is considered to be the 
originator of the modern total quality movement. As stated 
in this chapter, Dr. Feigenbaum defined quality based on a 
customer’s actual experience with the product or service. 
He wrote his landmark text, Total Quality Control, while 
he was still in graduate school at the Massachusetts Insti-
tute of Technology. Since its publication in 1951, it has 
been updated regularly and remains a significant influence 
on today’s industrial practices. In his text, he predicted that 
quality would become a significant customer-satisfaction 
issue, even to the point of surpassing price in importance in 
the decision-making process. As he predicted, consumers 
have come to expect quality to be an essential dimension 
of the product or service they are purchasing.

To Dr. Feigenbaum, quality is more than a technical 
subject; it is an approach to doing business that makes an 
organization more effective. He has consistently encour-
aged treating quality as a fundamental element of a busi-
ness strategy. In his article “Changing Concepts and 
Management of Quality Worldwide,” from the December 
1997 issue of Quality Progress, he asserts that quality is 
not a factor to be managed but a method of “managing, 
operating, and integrating the marketing, technology, pro-
duction, information, and finance areas throughout a com-
pany’s quality value chain with the sub-sequent favorable 
impact on manufacturing and service  effectiveness.”** 
In May 1998, in an interview with Quality Digest, 
Dr.   Feigenbaum stated that “The demand for complete 
customer satisfaction indicates a profound social shift for 
both global consumers and business buyers.”*** As he 

FIguRe 2.9  Big Q versus Little q

Content of Little q Content of Big Q 

Products Manufactured goods All products and services, 
and Services Point of Service whether for sale or not

Processes Processes directly related All processes: manufacturing, 
to the manufacture support, business, etc.
of goods

Customer Clients who buy the All who are a�ected: external
products and internal

Industries Manufacturing All industries—service, 
government, etc.—whether
for profit or not

Cost of Poor Quality Costs associated with All costs that would disappear
deficient manufactured if everything were 
goods perfect

*From “100 years of Juran” in Quality Progress, pp: 25-38 by Debbie 
Phillips Donaldson. Published by American Society for Quality, © 2004.

**From “Changing Concepts and Management of Quality Worldwide” 
in Quality Progress, Volume: 30, Number: 12, pp: 45-48 by Armand V. 
Feigenbaum. Published by American Society for Quality, © 1997.
***From “The Future of Quality Management” in Quality Digest Maga-
zine by Armand V. Feigenbaum. Published by Quality Digest, © 1998.
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predicted, demanding customers with their shifting value 
expectations have placed economic pressure on businesses. 
These businesses must try a more systematic process of 
managing that recognizes that sustained growth demands 
improvements in customer satisfaction, cost, and human 
resource effectiveness. Successful organizations foster a 
deep commitment to fundamental business improvement. 
Management is responsible for recognizing the evolution 
of the customer’s definition of quality for their products 
and services. Quality systems are a method of managing 
an organization to achieve higher customer satisfaction, 
lower overall costs, higher profits, and greater employee 
effectiveness and satisfaction. Globalization and outsourc-
ing have made measuring and managing quality costs even 
more crucial to organizational success. As rising costs con-
flict with a market demand for lower prices, organizations 
must manage their quality costs, the costs of not doing 
things right the first time. Topics in this text support reduc-
ing quality costs through process improvement and the 
elimination of waste. More information on quality costs 
is provided in Chapter 13.

Dr. Feigenbaum forward-thinking approach to manag-
ing businesses. Dr. Feigenbaum encouraged companies to 
eliminate waste, which drains profitability, by determin-
ing the costs associated with failing to provide a quality 
product. Quality efforts should emphasize increasing the 
number of experiences that go well for a customer versus 
handling things when they go wrong. Statistical methods 
and problem-solving techniques should be utilized to effec-
tively support business strategies aimed at achieving cus-
tomer satisfaction. These ideas support and encourage the 
use of a systematic approach to improvement, whether it 
be total quality management, Six Sigma, or lean.

Philip Crosby 
In his book, Quality is Free, Philip Crosby (1926–2001) 
wrote: “The customer deserves to receive exactly what we 
have promised to produce.” In order to help organizational 
leaders accomplish this goal, he emphasized four absolutes 
(Figure 2.10). The four absolutes of quality management 
set expectations for a continuous improvement process to 
meet. The first absolute defines quality as conformance 
to requirements. Crosby emphasizes the importance of 
determining customer requirements, defining those require-
ments as clearly as possible, and then producing products 
or providing services that conform to the requirements 
as established by the customer. Crosby felt it necessary 
to define quality in order to manage quality. Customer 

requirements must define the products or services in terms 
of measurable characteristics.

Prevention of defects, the second absolute, is the key to 
the system that needs to be in place to ensure that the prod-
ucts or services provided by a company meet the require-
ments of the customer. Prevention of quality problems in 
the first place is much more cost effective in the long run. 
Determining the root causes of defects and preventing their 
recurrence are integral to the system.

According to Crosby, the performance standard against 
which any system must be judged is zero defects. This third 
absolute, zero defects, refers to making products correctly 
the first time, with no imperfections.  Traditional qual-
ity control centered on final inspection and “ acceptable” 
defect levels. Systems must be established or improved that 
allow the worker to do it right the first time.

His fourth absolute, costs of quality, are the costs 
associated with providing customers with a product or 
service that conforms to their expectations. Quality costs, 
to be discussed in more detail in Chapter 12, are found in 
prevention costs; detection costs; costs associated with dis-
satisfied customers; rework, scrap, downtime, and mate-
rial costs; and costs involved anytime a resource has been 
wasted in the production of a quality product or the provi-
sion of a service. Once determined, costs of quality can be 
used to justify investments in equipment and processes that 
reduce the likelihood of defects.

In several of his books, Crosby discusses the concepts 
of a successful customer versus a satisfied customer. To 
him, a successful customer is one who receives a product 
or service that meets his or her expectations the first time. 
When a customer is merely satisfied, steps may have to 
have been taken to rework or redo the product or service 
until the customer is satisfied, for instance, a diner who 
receives an overcooked piece of meat and then insists that 
the meal be recooked. In the action of satisfying a customer 
whose expectations were not met the first time, the com-
pany has incurred quality costs.

In Chapter 1, Dr. Feigenbaum’s definition of quality 
mentions the word intangible. By discussing five erroneous 
assumptions about quality, Crosby attempts to make qual-
ity more tangible and understandable. The first erroneous 
assumption, quality means goodness, or luxury, or shini-
ness, or weight, makes quality a relative term. Only when 
quality is defined in terms of customer requirements can 
quality be manageable. The second incorrect assumption 
about quality is that quality is intangible and therefore not 
measurable. If judged in terms of “goodness,” then quality 
is intangible; however, quality is measurable by the cost of 
doing things wrong. More precisely, quality costs involve 
the cost of failures, rework, scrap, inspection, prevention, 
and loss of customer goodwill.

Closely related to the first two assumptions is the third, 
which states that there exists “an economics of quality.” 
Here again, one errs in thinking that quality means building 
“luxuries” into a product or service; rather, quality means 
that it is more economical to do things right the first time.

FIguRe 2.10  Crosby’s Absolutes of 
Quality Management

Quality Definition: Conformance to Requirements
Quality System: Prevention of Defects
Quality Performance Standard: Zero Defects
Quality Measurement: Costs of Quality

Donna Summers, Quality, 6e, 9780134413273, © 2018.
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Often workers are blamed for being the cause of 
quality problems. This is the fourth erroneous assump-
tion about quality. Without the proper tools, equipment, 
and raw materials, workers cannot produce quality prod-
ucts or services. Management must ensure that the neces-
sary items are available to allow workers to perform their 
jobs well.

The final erroneous assumption that Crosby discusses 
is that quality originates in the quality department. Accord-
ing to Crosby, the quality department’s responsibilities 
revolve around educating and assisting other departments 
in monitoring and improving quality.

Crosby’s quality management philosophy supports 
creating a greater understanding of the complexities of 
managing an organization. Much of his focus was on sim-
plifying the concepts surrounding the definition of quality 
and the need to design systems that support the concept of 
producing products or supplying services containing zero 
defects.

Dr. Kaoru Ishikawa
One of the first individuals to encourage total quality con-
trol was Dr. Kaoru Ishikawa (1915–1989). Dr. Ishikawa, 
a contemporary of Dr. Deming and Dr. Juran, transformed 
their early teachings into the Japanese approach to quality. 
Because he developed and delivered the first basic quality 
control course for the Union of Japanese Scientists and 
Engineers (JUSE) in 1949 and initiated many of Japan’s 
quality programs, he is considered the focus of the qual-
ity movement in Japan. Dr. Ishikawa is also credited with 
initiating quality circles in 1962. Like Dr. Deming and  
Dr. Juran, his devotion to the advancement of quality mer-
ited him the Second Order of the Sacred Treasure from the 
Emperor of Japan.

To Dr. Ishikawa, quality must be defined broadly. 
Attention must be focused on quality in every aspect of 
an organization, including the quality of information, 
processes, service, price, systems, and people. He played 
a prominent role in refining the application of differ-
ent statistical tools to quality problems. Dr. Ishikawa 
felt that all individuals employed by a company should 
become involved in quality problem solving. He advo-
cated the use of seven quality tools: histograms, check 
sheets, scatter diagrams, flowcharts, control charts, 
Pareto charts, and cause-and-effect, (or fishbone) dia-
grams. These tools, shown in Figure 2.11, are covered 
in detail in future chapters. Dr. Ishikawa developed the 
cause-and-effect diagram in the early 1950s. This dia-
gram, used to find the root cause of problems, is also 
called the Ishikawa diagram, after its creator, or the fish-
bone diagram, because of its shape.

Dr. Ishikawa promoted the use of quality circles, 
teams that meet to solve quality problems related to their 
own work. The quality circle concept has been adapted 
and modified over time to include problem-solving team 
activities. Membership in a quality circle is often voluntary. 

Participants receive training in the seven tools, determine 
appropriate problems to work on, develop solutions, and 
establish new procedures to lock in quality improvements.

To refine organizations’ approach to quality, Dr. Ishi-
kawa encouraged the use of a system of principles and 
major focus areas as a holistic way to achieve business per-
formance improvement. Customers and the processes that 
fulfill their needs, wants, and expectations were critical to 
Dr. Ishikawa. He felt that a focus on customer-oriented 
quality would break down the functional barriers that 
prevent the creation of defect-free products. To do this, 
processes should be analyzed from the viewpoint of the 
customer. As quoted in Quality Progress, April 2004, like 
others in the field, he felt that “Quality should not be inter-
preted in the narrow sense but interpreted broadly, includ-
ing price, delivery and safety, to satisfy consumer’s needs.”* 

Ishikawa’s system includes six fundamentals that form 
the Japanese quality paradigm:

1. All employees should clearly understand the objectives 
and business reasons behind the introduction and pro-
motion of company-wide quality control.

2. The features of the quality system should be clarified at 
all levels of the organization and communicated in such 
a way that the people have confidence in these features.

3. The continuous improvement cycle should be continu-
ously applied throughout the whole company for at 
least three to five years to develop standardized work. 
Both statistical quality control and process analysis 
should be used, and upstream control for suppliers 
should be developed and effectively applied.

4. The company should define a long-term quality plan 
and carry it out systematically.

5. The walls between departments or functions should 
be broken down, and cross-functional management 
should be applied.

6. Everyone should act with confidence, believing his or 
her work will bear fruit.

The system also includes four major focus areas 
designed to influence quality through leadership:

1. Market-in quality: Leadership should encourage 
efforts that enable the organization to determine exter-
nal customer needs, wants, requirements, and expec-
tations. By focusing on these elements and designing 
processes to deliver value to the market, an organiza-
tion can increase its business competitiveness.

2. Worker involvement: Quality improvement through 
the use of cross-functional teams enhances an organi-
zation’s ability to capture improvements to the work 
processes. Appropriate training in problem-solving 
tools and techniques is a must.

*From “The Legacy Of Ishikawa” in Quality Progress, pp: 54-57 by 
Greg Watson. Copyright © 2004 by American Society for Quality
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losses, and identify key product and process characteris-
tics before production. Dr. Taguchi’s methods emphasize 
consistency of performance and significantly reduced 
variation. Dr.  Taguchi introduced the concept that the 
total loss to society generated by a product is an impor-
tant dimension of the quality of a product. In his “loss 
function” concept, Dr. Taguchi expressed the costs of 
performance variation (Figure 2.12). Any deviation from 
target specifications causes loss, he said, even if the varia-
tion is within specifications. When the variation is within 
specifications, the loss may be in the form of poor fit, 
poor finish, undersize, oversize, or alignment problems. 
Scrap, rework, warranties, and loss of goodwill are all 
examples of losses when the variation extends beyond the 
specifications. Knowing the loss function helps design-
ers set product and manufacturing tolerances. Capital 
expenditures are more easily justified by relating the 
cost of deviations from the target value to quality costs. 
 Minimizing losses is done by improving the consistency 
of performance.

3. Quality begins and ends with education: Education 
enhances an individual’s ability to see the big picture. 
Education creates a deeper understanding of the activi-
ties that must take place in order for the organization 
to be successful.

4. Selfless personal commitment: Dr. Ishikawa lived his 
life as an example of selfless personal commitment. 
He encouraged others to do likewise, believing that 
improving the quality of the experience of working 
together helps improve the quality of life in the world.

Point 4 above summarizes Dr. Ishikawa’s tireless, life-
long commitment to furthering the understanding and use 
of quality tools to better the processes that provide prod-
ucts and services for customers.

Dr. Genichi Taguchi
Dr. Genichi Taguchi (1924–2012) developed  methods 
that seek to improve quality and consistency, reduce 

FIguRe 2.11  Seven Tools of Quality
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Dr. Taguchi is also known for his work in experiment 
design. Statistically planned experiments can identify the 
settings of product and process parameters that reduce 
performance variation. Dr. Taguchi’s methods design 
the experiment to systematically weed out a product’s or 
process’s insignificant elements. The focus of experiment 
efforts is then placed on the significant elements. There are 
four basic steps:

1. Select the process/product to be studied.
2. Identify the important variables.
3. Reduce variation on the important variables through 

redesign, process improvement, and tolerancing.
4. Open up tolerances on unimportant variables.

The final quality and cost of a manufactured product 
are determined to a large extent by the engineering designs 
of the product and its manufacturing process.

suMMaRy 

Many different definitions of quality exist, as do many 
different methods of achieving quality. Similarities exist 
between each of the advocates presented in this chapter. 
Many of the quality improvement techniques presented in 
this text have their foundation in the teachings of one or 
more of these men. The two most prominent men in the 
field of quality, Dr. Deming and Dr. Juran, were contem-
poraries, both crusading for quality improvement. Both of 
them, as well as Dr. Crosby agree that problems originate 
in the system, not the worker. All recognize that problems 
can only be solved through top management leadership 
and problem-solving techniques, not colorful banners and 
slogans. Dr. Deming focused more on applying statisti-
cal methods as a remedy for quality problems, where as  
Dr. Juran’s experiences lead him to believe that managing 
for quality is vital. Figure 2.13 briefly summarizes each 

quality advocate’s definition of quality as well as what he 
is best known for. Another interesting trait shared among 
these men is their long and active lives in the field of 
quality.

q➛  lessoNs leaRNed 

1. Dr. Shewhart developed statistical process control 
charts as well as the concepts of controlled and uncon-
trolled variation.

2. Dr. Deming is known for encouraging companies to 
manage for quality by defining quality in terms of cus-
tomer satisfaction.

3. Dr. Deming created his 14 points as a guide to 
management.

4. Dr. Juran’s process for managing quality includes three 
phases: quality planning, quality control, and quality 
improvement.

5. Dr. Feigenbaum defined quality as “a customer deter-
mination which is based on the customer’s actual expe-
rience with the product or service, measured against 
his or her requirements—stated or unstated, conscious 
or merely sensed, technically operational or entirely 
subjective—always representing a moving target in a 
competitive market.”

6. Crosby describes four absolutes of quality and five 
erroneous assumptions about quality.

7. To Crosby, there is a difference between a successful 
customer and one who is merely satisfied.

8. Dr. Ishikawa encouraged the use of the seven tools of 
quality, including the one he developed: the cause-and-
effect diagram.

9. Dr. Taguchi is known for his loss function describing 
quality and his work in the design of experiments.

FIguRe 2.12  The Taguchi Loss Function
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cHaPTeR PRoBleMs 

1. Describe the three purposes of Dr. Shewhart’s control 
charts.

2. How do Dr. Deming’s 14 points interact with each 
other?

3. Which point from Dr. Deming’s 14 points do you 
agree with the most strongly? Why?

4. Which of Dr. Deming’s 14 points do you have a hard 
time understanding? Why do you think that is?

5. Describe a situation you have experienced where one 
of Dr. Deming’s 14 points applies. Clearly state the 
point you are referring to. Clearly show how the point 
relates to your own experience.

6. Dr. Juran presented a concept he called big Q, 
 little q. Describe the difference between big Q and 
little q.

7. Describe Dr. Juran’s approach to quality improvement.
8. Research one of the men discussed in this chapter. 

How will this man’s teachings guide you in your future 
career?’

 9. a.  What is Crosby’s definition of quality?
b. Explain Crosby’s system of quality.
c. What is Crosby’s performance standard?
d. Why do you believe this can or cannot be met?

10. What did Crosby mean when he discussed the dif-
ference between satisfied customers and successful 
customers?

11. People tend to make five erroneous assumptions about 
quality. What are two of these assumptions and how 
would you argue against them? Have you seen one of 
Crosby’s erroneous assumptions at work in your own 
life? Describe the incident(s).

12. What follows is a short story about a worker who has 
requested additional education and training. Read the 
story and discuss which point or points of Dr. Deming’s, 
Dr. Juran’s, and Crosby’s philosophies are not being 
followed. Cite at least one point from each man’s plan. 
How did you reach your conclusions? Back up your 
answers with statements from the story. Support your 
argument.

   Inspector Simmons has been denied permission to 
attend an educational seminar. Although Simmons 
has attended only one training course for plumbing 
inspectors in his 15 years on the job, he will not be per-
mitted to attend a two-week skills enhancement and 
retraining session scheduled for the coming month. 
The course devotes a significant amount of time to 
updating inspectors on the new plumbing regulations. 
While the regulations concerning plumbing have 
changed dramatically in the past five years, this is the 
third request for training in recent years that has been 
denied.

   City commissioners have voted not to send Sim-
mons for the $1,150 course, even though the plumbing 
guild has offered to pay $750 of the cost. The com-
missioners based their decision on a lack of funds and 
a backlog of work resulting from stricter plumbing 
standards enacted earlier this year. City commissioners 
do not believe that Simmons’s two-week salary should 
be paid during the time that he is “off work.” They 
also feel that the $400 cost to the city as well as travel 
expenses are too high. Although the city would benefit 
from Simmons’s enhanced knowledge of the regula-
tions, one city official was quoted as saying, “I don’t 
think he really needs it anyway.”

   The one dissenting city commissioner argued that 
this is the first such course to be offered covering the 
new regulations. She has said, “Things change. Materi-
als change. You can never stop learning, and you can’t 
maintain a quality staff if you don’t keep up on the 
latest information.”

13. Briefly summarize the concept Dr. Taguchi is trying to 
get across with his loss function.

14. Describe Dr. Taguchi’s loss function versus the tradi-
tional approach to quality.

15. Research Dr. Deming’s red bead experiment. What 
does it show people?

16. Research Dr. Deming’s funnel experiment. What is the 
experiment trying to show people?

17. Research Dr. Deming’s profound knowledge sys-
tem. What are its components? How do they work 
together? Describe each component’s critical concept.

18. Hospitals are very concerned about the spread of 
germs in a hospital environment. For patient and 
guest safety, infection rates in any hospital are careful-
ly monitored. Continuous efforts are made to reduce 
the chance of spreading infections among or between 
patients or guests. Unfortunately, studies reveal that 
every year in U.S. hospitals, nearly 2 million people 
are infected with a death rate approaching 80,000. 
Transmission of these infectious pathogens occurs 
most often through the contaminated hands of health-
care workers. This means that good hand hygiene is 
the most important infection control measure availa-
ble. JQOS is a 100-bed hospital that offers a full range 
of services including emergency services, maternity, 
child care, orthopedic, cardiac, and general welfare. 
Management at JQOS has long believed that preven-
tion is the best approach to any issue. They have de-
cided to tackle the hand-washing issue head-on. Their 
goal is to improve hand-washing compliance among 
health-care workers (doctors, nurses, care-givers, or-
derlies, etc.) throughout the hospital.
a. Use Dr. Feigenbaum’s definition of quality and refer 

to the information provided. Describe the defini-
tion of quality for each of the major participants 
(doctor, patient, nurses, etc.).
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not be very receptive to implementing changes proposed 
by someone outside the medical field. Some doctors and 
staff members don’t like the idea of an outsider taking a 
look at what they are doing. The CQEs have discovered 
that if a doctor gets excited about an improvement, then 
the staff will follow.

A recent area of study is the surgery center. Whenever 
a patient is scheduled for a surgical procedure, pretests are 
scheduled. These may include a physical, blood testing, 
x-rays, cat scans, or other lab tests. This paperwork and 
test results goes into the patient’s file (a paper file, not an 
electronic file). Nationwide, hospitals and doctor’s offices 
do not usually use electronic files, despite significant evi-
dence that efficiencies could be obtained by using them. 
This is because of a concern for patient privacy, informa-
tion sharing between government and insurance compa-
nies, and other issues.

All this paperwork needs to be at the surgery center at 
least 48 hours in advance of the surgery. This provides the 
time needed for the anesthesiologist and other key partici-
pants in the surgery to review the file and make sure that 
the right information is available. Without this informa-
tion, the surgery may place the patient at risk. When the 
information is not available, the surgery is usually canceled.

The CQEs studied the number of canceled surgeries. 
They determined that incorrect, incomplete, or late paper-
work accounted for 45 percent of the reasons why surger-
ies were canceled. Canceling surgeries is very expensive. 
Surgeons are paid for four hours of their time, anesthesi-
ologists and surgical technicians bill their time, charges are 
incurred for sterilized equipment that did not get used, tests 
are rescheduled and redone, an appointment coordinator 
must reschedule the surgery, and so on. Don’t forget, there 
is also the patient who prepared mentally and physically 
for the surgery and now must go through the entire process 
again. The costs can run into the thousands of dollars for 
each cancellation.

q➛ assiGNMeNT

Consider the situation and answer the following ques-
tions related to the quality philosophies discussed in this 
chapter.

1. Using Dr. Feigenbaum’s definition of quality, refer to 
the information provided and describe each of the ma-
jor participant’s (doctor, patient, nurse, etc.) definition 
of quality.

2. Describe how you would recognize Dr. Shewhart’s 
common cause variation in the process of preparing a 
patient’s file for surgery.

3. Describe how you would recognize Dr. Shewhart’s as-
signable cause variation in the process of preparing a 
patient’s file for surgery.

b. Describe how you would recognize Dr. Shewhart’s 
common cause variation in the process of main-
taining a high level of doctor or nurse hand wash-
ing before touching a patient.

c. Describe how you would recognize Dr. Shewhart’s 
assignable cause variation in the process of main-
taining a high level of doctor or nurse hand wash-
ing before touching a patient.

d. You are the senior team leader in charge of mak-
ing improvements to the process of hand-washing 
compliance. You have recently attended a seminar 
focused on Dr. Deming’s teachings. Clearly state 
one of Dr. Deming’s 14 points that you will keep in 
mind as you focus on this situation. How will this 
point guide your actions and behavior as you tackle 
making improvements?

e. Describe two clues that suggest that the hospital is 
practicing Juran’s little q versus big Q. If they were 
to practice big Q, describe one way in which their 
focus would need to change.

f. During a meeting, someone has cornered you con-
cerning the improvements and changes your team 
would like to make at the hospital. They accuse you 
of wanting to create a luxurious environment at 
the hospital. They said that a patient’s judgment of 
quality of the hospital is intangible and not meas-
urable. They also said that there is an economics 
of quality. You recognize these statements as three 
of Mr. Crosby’s five erroneous assumptions about 
quality. Using what you know about Mr. Crosby’s 
approach to quality, pick one and argue against 
what this person has said.

q➛ case sTudy 2.1 

 Quality Hospitals

The Institute of Medicine’s “To Err Is Human” report of 
2000 estimated that nearly 100,000 deaths each year in the 
United States are caused by medical errors. Many hospitals 
are working to change that by employing certified quality 
engineers (CQEs) to apply quality tools and techniques to a 
wide variety of issues. This case describes one of those hos-
pitals. In 2007, this hospital saw 350,000 patients, many 
of whom visited multiple times, for an overall total of 1.8 
million patient encounters. Though this hospital has an ex-
cellent reputation for patient care, leadership has identified 
a need to make improvements. The certified quality engi-
neers study a variety of areas including the physical layout 
of the hospital, its treatment rooms, and operating rooms. 
They assess operational efficiency and effectiveness. They 
study patient throughput and infection rates.

One problem that the CQEs have had to overcome is 
that health-care professionals, especially physicians, may 
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6. During a meeting, someone has cornered you concern-
ing the improvements and changes your team would 
like to make at the hospital. They accuse you of want-
ing to create a luxurious environment at the hospital. 
They said that a patient’s judgment of quality of the 
hospital is intangible and not measurable. They also 
said that there is an economics of quality. You rec-
ognize these statements as three of Mr. Crosby’s five 
erroneous assumptions about quality. Using what you 
know about Mr. Crosby’s approach to quality, pick 
one and argue against what this person has said.

4. You are the senior team leader in charge of making 
improvements to the process of preparing a patient’s 
file for surgery. You have recently attended a seminar 
focused on Dr. Deming’s teachings. Clearly state one 
of Dr. Deming’s 14 points that you will keep in mind 
as you focus on this situation. How will this point 
guide your actions and behavior as you tackle making 
improvements?

5. Describe two clues that suggest that the hospital is 
practicing Juran’s little q versus big Q. If they were to 
practice big Q, describe one way in which their focus 
would need to change.
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C H A P T E R
T H R E E

MAJOR TOPICS
 j Quality Management Systems
 j ISO 9000
 j Supplier Certification Requirements
 j ISO 14000: Environmental 
Management

 j Malcolm Baldrige National Quality 
Award

 j Six Sigma
 j Summary
 j Lessons Learned
 j Chapter Problems
 j Case Study 3.1 Malcolm Baldrige 
Award Criteria

QualiTy ManagEMEnT SySTEMS: iSO 9000, 
SuPPliER CERTiFiCaTiOn REQuiREMEnTS, 
THE MalCOlM BalDRigE aWaRD,  
anD SiX SigMa

Throughout this text, different concepts, tools, and 
techniques will be presented. Individually, each 
concept, tool, and technique has merit and together 
they make up the supporting pieces of a total quality 
management system. ISO 9000, supplier certification 
requirements, Six Sigma, and the Malcolm Baldrige 
National Quality Award provide guidelines for a unified 
approach to quality and organizational management, 
encouraging companies to create their own quality sys-
tems. Each offers a road map for companies to follow 
in their quest for quality.

q➛ L E A R N I N G  O P P O R T U N I T I E S

1. To become familiar with the ISO 9000 and ISO 14000 
standards

2. To become familiar with the requirements of the Mal-
colm Baldrige National Quality Award

3. To become familiar with the Six Sigma methodology

Gramper/Fotolia
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The purpose of the ISO standards is to facilitate the 
multinational exchange of products and services by provid-
ing a clear set of quality system requirements. Companies 
competing on a global basis find it necessary to adopt and 
adhere to these standards. The standards provide a base-
line against which an organization’s quality system can be 
judged. This baseline has as its foundation the achievement 
of customer satisfaction through multidisciplinary par-
ticipation in quality improvement efforts, documentation 
of systems and procedures, and the basic structural ele-
ments necessary to quality systems. The generic nature of 
the standards allows the interested company to determine 
the specifics of how the standards apply to its organiza-
tion. Many companies use ISO 9000 as the foundation for 
their continuous improvement efforts. ISO 9000 encour-
ages organizations to develop, install, and utilize a quality 
management system that supports continuous improve-
ment through the prevention of defects, and the reduction 
of variation and waste.

Accepted around the world, ISO 9000 is applicable to 
nearly all organizations large and small, including manu-
facturers of pieces, parts, assemblies, and finished goods; 
developers of software; producers of processed materials, 
including liquids, gases, solids, or combinations; munici-
palities; logistics providers (e.g., UPS, FedEx, DHL); hospi-
tals; and service providers. The ISO organization estimates 
that, worldwide, 8 out of 10 cars contain parts or compo-
nents designed or manufactured under the ISO 9000:2015 
certification system. Since its inception, ISO 9000 has 
become an internationally accepted standard for quality in 
business-to-business dealings. More than a million organi-
zations worldwide have attained certification.

In 2015, the ISO 9000 standards were revised signifi-
cantly so that their structure more closely resembles the 
way organizations manage processes. ISO 9001:2015 takes 
a process-oriented approach rather than a product focus.  
A process approach applies to how an organization does 
the work it does. A product approach focuses primarily on 
the product produced. The standard encourages organiza-
tions to understand and manage how each process’ perfor-
mance affects other related processes when those processes 
intersect and interact. Utilizing a process approach enables 
an organization to consistently meet customer require-
ments. Process-focused organizations understand the 
importance of value-added activities and effective process 
management. Broadly written, the ISO 9000 requirements 
describe what a company must accomplish in order to 
meet customer expectations. However, how these things 
are accomplished is left up to the particular company.

Ten key clauses comprise the ISO 9000:2015 standards. 
These clauses are:

 j Scope
 j Normative references
 j Terms and definitions
 j Context of the organization
 j Leadership

QualiTy ManagEMEnT 
SySTEMS
To best fulfill customer needs, requirements, and expecta-
tions, organizations create and utilize quality management 
systems. Within a quality management system, the neces-
sary ingredients exist to enable the organization’s employees 
to identify, design, develop, produce, deliver, and support 
products or services that the customer wants. A quality 
management system is dynamic. It is able to adapt and 
change to meet the needs, requirements, and expectations of 
its customers. The principles supporting a quality manage-
ment system include: creating and maintaining a customer 
focus, involved leadership, an engaged workforce, pro-
cess management and improvement, and fact-based deci-
sion-making. Managers of a quality management system 
coordinate the efforts of those in the system to effectively 
provide products or services for their customers. Quality 
management systems enable organizations to enhance their 
efficiency and effectiveness. Certification and registration 
validates compliance to a nationally recognized standard.

Management begins to develop a system by creating a 
vision or mission that sets the direction for the company. 
The vision is supported by strategies, which are in turn 
supported by goals and objectives. Developing and shaping 
visions, missions, strategies, goals, and objectives is a com-
plicated process. Standards such as ISO 9000, methodolo-
gies like Six Sigma, and awards like the Malcolm Baldrige 
National Quality Award provide guidance for establish-
ing a quality management system’s structure, maintain-
ing records, and integrating the use of quality techniques. 
Quality systems like ISO 9000 and TS 16949 are basi-
cally asking that organizations say what they are going to 
do and then do what they say. These quality systems do 
not mandate particular policies, procedures, and actions. 
However, they ask organizations to document the policies 
and procedures they have and the actions they take. Com-
prehensive methodologies like Six Sigma create a mindset 
and an approach to doing business that has quality as its 
core. Awards like the Malcolm Baldrige National Quality 
Award provide guidelines for excellence. All will use the 
concepts, tools, and techniques provided in this text.

iSO 9000
Continued growth in international trade revealed the need 
for a set of quality standards to facilitate the relationship 
between suppliers and purchasers. The creation of the ISO 
9000 series of international standards began in 1979 with 
the formation of a technical committee with participants 
from 20 countries. Named the International Organiza-
tion for Standardization, this Geneva-based association 
continues to revise and update the standards on a regular 
schedule. The name “ISO 9000” has its origin in the Greek 
word isos, meaning “equal.” The intent of the standards is 
to make comparisons between companies equal. Note that 
ISO 9000 refers to the entire standard; when speaking of 
specific certification requirements, ISO 9001 is used.
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 j Planning
 j Support
 j Operation
 j Performance evaluation
 j Improvement

Context of the organization refers to the needs, 
requirements, and expectations of the people and com-
panies the organization regularly interacts with. This sec-
tion also sets the scope of the quality management system. 
The leadership clause holds management accountable for 
the effectiveness of the organization. Within it, manage-
ment roles, responsibilities, and authority are reviewed. 
The planning clause addresses the need to identify risks 
and opportunities as they relate to quality objectives. Sup-
port refers to the infrastructure, process environment, 
monitoring and measuring devices, and knowledge needs 
of the organization. The operation clause emphasizes the 
functions and processes of outside suppliers, including 
conformity of goods and services to requirements. Per-
formance evaluation refers to evaluating processes using 
appropriate monitoring, measuring, and analysis proce-
dures. The improvement clause encourages organizations 
to continue to work to a higher level of performance by 
monitoring, measuring, analyzing, and preventing noncon-
formities (Figure 3.1 and 3.2).

Documentation and record keeping are important 
aspects of ISO 9000. ISO 9000 requires records of many 
plant activities, including employee training records; proce-
dures, policies, and instructions; process control charts and 
capability records; purchasing records; test and reliability 
data; audit records; incoming and final inspection records; 
and equipment calibration records. Companies following 
the ISO 9000 system need to keep records of any informa-
tion that is useful in the operation of the organization.  
Evidence that procedures, policies, and instructions are 
being followed must also accompany these records. Essen-
tially the organization’s quality management system must: 
say what the organization does, do what the organization 
says it will do, record what it did, verify the results, and 
take action on the difference.

Documentation often takes the form of standard oper-
ating procedures (SOP). An SOP will generally provide 
information at three levels. The overview level covers the 
purpose and the scope of the SOP. It may discuss organi-
zational expectations and responsibilities as they relate to 
the procedure. The mid-level details definitions, policies, 
and describes the process at a high level. At the third level, 
detailed information, including a step-by-step description 
of the specific tasks in the process, are provided. Well-
written SOPs tell people why it must be done (top level), 
what must be done (mid-level), and how it is to be done 
(base level).

The advantages of a fully documented quality manage-
ment system are many. Documentation describes how work 
must be accomplished. Structured correctly, documenta-
tion will apply to a variety of situations, not just specific 

ISO 9001:2015

Clause 1: Scope
Clause Two: Normative Reference
Clause Three: Terms and Definitions
Clause Four: Context of the Organization
4.1 Understanding the organization and its context
4.2 Understanding the needs and expectations of interested 

parties
4.3 Determining the scope of the quality management system
4.4 Quality management system and its processes

Clause Five: Leadership
5.1 Leadership and commitment
5.2 Policy
5.3 Organizational roles, responsibilities and authorities

Clause Six: Planning
6.1 Actions to address risks and opportunities
6.2 Quality objectives and planning to achieve them
6.3 Planning of changes

Clause Seven: Support
7.1 Resources
7.2 Competence
7.3 Awareness
7.4 Communication
7.5 Documented information

Clause Eight: Operation
8.1 Operational planning and control
8.2 Requirements for products and services
8.3 Design and development of products and services
8.4 Control of externally provided processes, products, and 

services
8.5 Production and service provision
8.6 Release of products and services
8.7 Control of nonconforming outputs

Clause Nine: Performance Evaluation
9.1 Monitoring, measurement, analysis, and evaluation
9.2 Internal audit
9.3 Management Review

Clause Ten: Improvement
10.1 General
10.2 Management review inputs
10.3 Continual improvement

FIGURE 3.1  ISO 9001:2015

products. Documents serve as guides and ensure that work 
is performed consistently. Sound documentation can be 
used to determine and correct the causes of poor quality. 
Documentation defines existing work methods and pro-
vides a foundation for improvement.

In ISO 9000 a great deal of emphasis is placed on the 
need for excellent record keeping. In most cases, since the 
product has left the manufacturing facility or the service 
has been performed, only clearly kept records can serve as 
evidence of product or service quality. Sloppy or poorly 
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maintained records give the impression of poor quality. 
High-quality records are easy to retrieve, legible, appro-
priate, accurate, and complete. Necessary records may 
originate internally or be produced externally. Customer 
or technical specifications and regulatory requirements are 
considered external records. Internally produced records 
include forms, reports, drawings, meeting minutes, prob-
lem-solving documentation, and process control charts.  
A high-quality documentation control system will contain 
records that are easily identified and used in the decision-
making process.

Companies seeking registration must have their com-
pliance with the ISO 9001 criteria judged by an independ-
ent ISO 9000 certified registrar. Figure 3.3 shows the flow 
of a typical registration process. Before the ISO 9000 
governing body grants certification, a registrar conducts 
a thorough audit to verify that the company does indeed 
meet the requirements as set forth in ISO 9001. When the 
company desiring accreditation feels it is ready, it invites an 
auditor to observe the company’s operations and determine 
its level of compliance with the standards. Many firms find 
that conducting an internal audit before the actual reg-
istrar visit is more effective than a single audit. During 
this pre-audit, deficiencies in the company’s methods can 
be identified and corrected prior to the registrar’s official 
visit. Registrars seek to determine if the actions taken by 
an organization have been effective at meeting or exceed-
ing the requirements established by the standard. They 
investigate whether the organization effectively operates 
and controls processes. Management systems are reviewed 
to determine their effectiveness. Once registration has been 

achieved, surveillance audits are conducted, often unan-
nounced, approximately every six months. These audits are 
intended to ensure continued compliance. When preparing 
for a certification audit, a company must develop an imple-
mentation plan that identifies the people involved and 
defines their roles, responsibilities, deliverables, timelines, 
and budgets. Once created, the plan is managed through 
frequent review meetings to determine the progress. Once 
the system has been fully documented, the company will 
contact a registrar and plan his or her visit.

Companies wishing to implement ISO 9000 should 
determine management’s level of commitment. Manage-
ment support can be gained by pointing out the benefits of 
compliance. Assess the company’s current situation. What 
are the present costs associated with poor quality as evi-
denced by scrap or rework or lost customers? What new 
markets could open up if certification were achieved? The 
answers to these questions will show how achieving ISO 
9001 certification will benefit the bottom line.

Obtaining ISO 9001 certification provides many 
benefits. Companies that have achieved certification cite 
increased revenue as a major benefit. Since ISO 9000 is 
recognized globally, certification allows these companies 
to expand their geographic markets. They are also able to 
service new customers who require ISO 9000 compliance 
from their suppliers. Additionally, existing customers bene-
fit from ISO 9001 certification. Companies complying with 
ISO 9001 requirements have been able to improve their 
product and service quality and pass the benefits on to 
their customers. Internally, companies benefit from com-
pliance. Reduced costs are evidenced through decreased 

FIGURE 3.2  ISO 9000 Clauses Related to the PDSA Cycle

PLAN

DOSTUDY

ACT

Customer and 
Stakeholder Needs, 
Requirements and 
Expectations (Clause 4)

Planning
(Clause 6)

Leadership
(Clause 5)

Performance
Evaluation
(Clause 9)

Support
(Clause 7)

Operation
(Clause 8)

Improvement
(Clause 10)
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scrap and rework, fewer warranty claims, improved cus-
tomer satisfaction, reduced customer support costs, and 
improved productivity.

Obtaining ISO 9001 certification is a time-consuming 
and costly process. Depending on the current state of an 
organization’s quality system, preparation for certifica-
tion may take several thousand employee-hours and cost 
thousands of dollars. Costs depend on the company size, 
the strength of the organization’s existing quality system, 
and the number of plants within the company requesting 
certification.

As with any major process improvement, the oppor-
tunity to fail exists. Attempts to incorporate ISO 9000 
into the way a company does business may be hindered 
by a variety of forces, including insufficient management 
involvement in the process, inadequate resources, lack of 
an implementation plan, or lack of understanding about 
ISO 9000 and its benefits. This last force, a lack of under-
standing about ISO 9000, is particularly crucial. ISO 9001 
certification requires significant documentation. The addi-
tional burden of paperwork, without an understanding of 
how this newfound information can be used in decision-
making, leads to problems. It is important to realize that 
standardized procedures and organized information go a 
long way toward preventing errors that lead to poor qual-
ity products and services. Individuals who are unaware of 
how to access the power that procedures and information 
provide may miss out on improvement opportunities. It is 
up to management to encourage the use of this informa-
tion, thus gaining the maximum benefits from ISO 9000.

The high cost of certification is counterbalanced by 
the benefits of an organization will receive by using the 
requirements as a guide to improve their processes. Qual-
ity becomes more consistent, and the percentage of “done 
right the first time” jobs increases. Improved procedures 
and removal of redundant operations also dramatically 
improve a company’s effectiveness. ISO 9000 standards 
facilitate international trade and dramatically improve 
record keeping. To learn more about ISO 9000, visit the 
ISO website at www.iso.org or at the American Society for 
Quality www.asq.org.

SuPPliER CERTiFiCaTiOn 
REQuiREMEnTS
Major corporations often purchase raw materials, parts, 
subassemblies, and assemblies from outside sources. To 
ensure quality products, the suppliers of these parts and 
materials are subjected to rigorous requirements. Purchas-
ers establish these requirements and judge conformance to 
them by visiting the supplier’s plant site and reviewing the 
supplier’s quality systems. Quality management systems 
like ISO 9000, TL 9000, ISO/TS 16949, ISO/IEC 17025, 
and AS 9100 document organizational policies, proce-
dures, work instructions, and forms.

Among motor vehicle manufacturers, though purchas-
ers developed their own requirements, strong similarities 

existed in quality system and documentation requirements. 
Redundant requirements and multiple plant visits from 
purchasers placed a significant burden on suppliers. Con-
forming to several different, yet similar, sets of require-
ments meant unnecessarily expended time, effort, and 
money. Recognizing the overlap in requirements, the major 
automotive manufacturers—General Motors, Ford, and 
Chrysler—as well as truck manufacturers, created a task 
force in the early 1990s to develop a quality system that 
has as its foundation ISO 9000. Named “Quality System 
Requirements QS 9000,” this comprehensive requirement 
was intended to develop fundamental quality systems that 
provide for continuous improvement. QS 9000 eliminated 
redundant requirements while maintaining customer-spe-
cific, division-specific, and commodity-specific require-
ments. QS 9000 emphasized defect prevention as well as 
the reduction of variation and waste. Today, companies 
and their internal and external suppliers of production 
and service parts, subassemblies, materials, components, 
or other items to the major motor vehicle manufacturers 
choose to conform to ISO 9000 or TS 16949.

Though QS 9000 established customer requirements 
for several of the major automotive manufacturers, QS 
9000 was not an international specification. To fill the need 
for a global automotive system, in 1999, ISO introduced 
ISO/TS 16949, Quality Management Systems: Automotive 
Suppliers—Particular Requirements for the Application of 
ISO 9001:2015 for Automotive Production and Relevant 
Service Part Organizations. Developed by the International 
Automotive Oversight Bureau and submitted to ISO for 
approval and publication, ISO/TS 16949 defines automo-
tive industry standards worldwide. ISO/TS 16949 aligns 
existing automotive systems around the world, includ-
ing AVSQ (Italian), EAQF (French), QS 9000 (U.S.), and 
VDA6.1 (German) systems. ISO/TS 16949 does not replace 
AVSQ, EAQF, QS 9000, or VDA6.1; it is a global set of 
standards presented as an option to these systems. Linked 
to ISO 9000:2015 and revised in 2016, the document 
allows automotive companies to retain individual control 
over more of the specific requirements. The document 
includes terms and definitions specific to the automotive 
industry; requirements related to engineering specifica-
tions and records retention; process efficiency expecta-
tions; product design skills and training related to human 
resources management; product realization, acceptance, 
and change control requirements; and customer-designated 
special characteristics. Specific clauses focus on leadership, 
planning, support, operations, performance evaluation, 
and improvement. For more information concerning ISO/
TS 16949, contact the Automotive Industry Action Group 
at www.aiag.org.

While ISO 9001 is the best known of the quality sys-
tems certifications, other quality management systems cer-
tifications have been developed in a variety of industries. 
As the benefits of utilizing an organized quality manage-
ment system become better known, an increasing number 
of business sectors will create appropriate standards. For 
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example, in the telecommunications industry, TL 9000 has 
been developed to ensure better relationships between sup-
pliers and service providers. In the medical devices and 
pharmaceutical industries, many organizations follow ISO 
13485, which, in addition to product realization require-
ments, requires risk assessment planning be used in for-
mulating products. The need for such a standard comes 
from the increasing number and variety of pharmaceutical 
and medicinal products, the globalization of the pharma-
ceutical and medical devices industries, and the changes in 
biotechnology and pharmaceutical sciences.

In the aerospace industry, AS 9000 is used to link 
global corporations with their suppliers in a continuous 
quality chain. The International Aerospace Quality Group 
(IAQG) works to establish commonality of quality stand-
ards and requirements, encourage continuous improve-
ment processes at suppliers, determine effective methods 
to share results, and respond to regulatory requirements. 
IAQG members include Airbus, Rolls-Royce, Eurocop-
ter, Volvo-Aero, BAE, Boeing, General Electric Aircraft 
Engines, Gulfstream, BF Goodrich, Bombardier, Lock-
heed Martin, Mitsubishi, Kawasaki, Fuji, Kera Aerospace, 
Hispano-Suiza, and others.

iSO 14000: EnViROnMEnTal 
ManagEMEnT
Soaring energy prices, global competition, and scarce 
resources are just a few of the reasons companies are turn-
ing eco-friendly with their products as well as with their 
processes. The overall objective of the ISO 14000 Environ-
mental Management Standard is to encourage environmen-
tal protection and the prevention of pollution while taking 
into account the economic needs of society. The standards 
can be followed by any organization interested in achieving 
and demonstrating sound environmental performance by 

limiting its negative impact on the environment. A com-
pany with an environmental management system like ISO 
14000 is better able to meet its legal and policy require-
ments. Often, firms following ISO 14000 incur significant 
savings through better overall resource management and 
waste reduction. ISO 14000 provides the elements of an 
effective environmental management system. The ISO 
14000 standards do not enforce environmental laws or 
regulate environmental activities of an organization. The 
standard seeks to provide a systematic approach to manag-
ing an organization’s environmental issues.

A company complying with the ISO 14000 standard 
is monitoring its processes and products to determine their 
effect on the environment. The ISO 14000 series of standards 
enables a company to improve environmental management 
voluntarily. The standards do not establish product or per-
formance standards, establish mandates for emissions or pol-
lutant levels, or specify test methods. The standards do not 
expand upon existing government regulations. ISO 14000 
serves as a guide for environmentally conscious organiza-
tions seeking to lessen their impact on the environment.

ISO 14001 certification becomes more popular each 
year. As companies are becoming more environmentally 
conscious and more globally responsive, many are becom-
ing ISO 14000 certified and mandating that their suppliers 
do so too. As with ISO 9000, this standard is reviewed and 
updated regularly. For more complete information, visit 
the ISO website at www.iso.org.

MalCOlM BalDRigE naTiOnal 
QualiTy aWaRD
The Malcolm Baldrige National Quality Award 
(MBNQA) was established in 1987 by the U.S. Congress. 
The MBNQA is named after former U.S. Secretary of 
Commerce (1981–1987) Malcolm Baldrige. Due to his 

As a small job shop, JRPS had few formalized systems and pro-
cesses. Under new leadership changes focus on standardizing the 
way they do business. Having become familiar with quality systems 
like ISO 9000 and ISO 16949 at their previous positions, JRPS lead-
ership understood the challenge before them. To achieve ISO 9001 
certification, an organization must set up standard procedures and 
document their processes and practices. They feel ISO 9001 certifi-
cation will bring them several benefits. The standards will guide them 
as they establish the foundation of a good quality system. Maintain-
ing certification involves reviewing and improving existing systems 
and processes. These activities will keep them in a proactive mode. 
The greatest benefit they see is that the highly recognized standard 
will provide them with access to a broader range of customers.

To begin their pursuit of ISO 9000 certification, leadership 
worked with an ISO 9000 consultant to lay out a three-year 
 strategic plan. As a starting point, they identified their key pro-
cesses as:

Quoting

Order processing

Product creation (machining)

Inspection

Shipping

Payroll

From the beginning, employees were involved in process 
analysis and improvement of these key processes. During the 
first year, the processes were recorded, studied, improved 
upon, standardized, and finally computerized. Employee train-
ing took place as each new procedure came on line. Two years 
into their certification process, JRPS is on track for achieving 
certification.

ISO 9000 at JRPS REal TOOlS for REal liFEq➛
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personal interest in quality management and improve-
ment he was instrumental in the design and establish-
ment of the award. Similar to Japan’s Deming Prize, it 
sets a national standard for quality excellence. The award 
is offered in the following business sectors: education, 
healthcare, manufacturing, nonprofit/government, ser-
vice, and small business. . It is managed by the American 
Society for Quality (www.asq.org). Motorola was the first 
company to win the Malcolm Baldrige Award. Every year, 
this rigorous award attracts several dozen applicants in 
each category. A group of qualified examiners compares 
and contrasts each application with the criteria for up 
to 300 hours. Only a very few are selected to reach the 
site-visit stage of the award process. By the completion 
of the on-site visits, a company may have been examined 
for as many as 1,000 hours. Since 1988, over 100 organi-
zations have received the United States’ highest award 
for organizational effectiveness. Organizations pursuing 
the MBNQA focus on their approach to doing business 
and the deployment of their strategic resources. These 
organizations have one key metric for measuring their 
results: the stock price. It is interesting to note that the 
Baldrige Award winners, when their stock performance 
is reviewed, outperform the stocks in the Standard and 
Poor’s 500 Index by a ratio of about 3 to 1. Other studies 
report that the potential economic benefits of the Bald-
rige Award to the U.S. economy approach $25 billion 
dollars. This is achieved through savings experienced by 
the organizations implemented the quality management 
system espoused by the award, gains in consumer satis-
faction, and better utilization of economic resources. For 
more information about the Baldrige stock study, visit the 
following website: www.nist.gov/public_affairs/factsheet/
stockstudy.htm.

The award allows companies to make comparisons 
with other companies. This activity is called benchmarking. 

Benchmarking is a continuous process of measuring prod-
ucts, services, and practices against competitors or industry 
leaders. Benchmarking lets an organization know where 
they stand compared with others in their industry. Com-
panies also use the award guidelines to determine a base-
line. Baselining is measuring the current level of  quality 
in an organization. Baselines are used to show where a 
company is, so that it knows where it should concentrate 
its improvement efforts.

The Malcolm Baldrige National Quality Award 
focuses on organizational results, customers and work-
force, and on an organization’s strategy for the future. 
The award focuses on the following key areas: leadership, 
strategy, customers, workforce, operations, measure-
ment, analysis, and knowledge management, and results 
(Figure 3.4).

The following descriptions are paraphrased from the 
Malcolm Baldrige National Quality Award criteria.

1.0 Leadership The criteria in Section 1.0 are used to 
examine senior-level management’s commitment to and 
involvement in process improvement. Company leaders 
are expected to develop and sustain a customer focus sup-
ported by visible actions and values on their part. This 
section also examines how the organization addresses its 
responsibilities to the public and exhibits good citizenship. 
This section also addresses the role of senior leadership and 
an organization’s governance and how it handles social 
responsibilities like conservation of natural resources, com-
munity support, and other public concerns.

2.0 Strategy To score well in this category, a company 
needs to have sound strategy development and strategy 
implementation process in place. Strategic thinking sup-
ports organizational excellence. Key aspects to this section 
include customer-focused excellence, operational perfor-
mance improvement and innovation, and organizational 
learning and learning by workforce members. Leaders are 

JRPS’s new leadership is environmentally conscious. Using ISO 
14000 as a guide, they have taken many positive actions to 
reduce their organization’s environmental impact. To improve the 
recycling of metal shavings and scrap, they quickly purchased 
a puck-making machine. This machine compresses scrap metal 
into a more easily reusable shape. Vacuums at each chip-making 
machine capture the chips directly into a barrel. When full, 
workers transfer chips and shavings to the puck machine, which 
compresses the chips into recyclable discs of metal. This ena-
bles nearly 100 percent of the shavings and scrap metal to be 
recycled.

A study of the shipping area resulted in significant changes 
to how the parts are shipped. The new methods greatly reduce 
part damage during shipping. These same changes reduced the 
amount of packing material by 40 percent. Made from recycled 
materials, the new packing is reusable or recyclable.

Grinders, lathes, mills, and drills all use coolant. In the past, 
this coolant was disposed of through a waste hauler. Under the new 
management, systems were put in place to clean and reuse coolant. 
In addition, a more environmentally friendly coolant was chosen.
Office paper usage has declined through improved processes and 
computerization. Scrap office paper is no longer thrown out, but is 
shredded and recycled.

Policies about energy usage have been put in place. Lights, 
fans, and other equipment must be turned off when not in use. 
The HVAC system has been updated and is now maintained regu-
larly, allowing it to operate with greater efficiency.
Many of these changes paid for themselves through the selling 
of recyclable materials, lower energy consumption, and mate-
rial reuse. Positive changes are happening all the time at JRPS. 
Through environmentally sound changes, the focus is on improving 
overall organizational effectiveness.

ISO 14000 at JRPS REal TOOlS for REal liFEq➛
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expected to consider strategic opportunities, challenges, 
and risks while they optimize the use of resources includ-
ing a skilled workforce.

3.0 Customers The third category of the Baldrige Award 
criteria deals with the company’s relationship with its cus-
tomers. How well does the organization listen to the voice of 
the customer? This category focuses on a company’s knowl-
edge of customer requirements, expectations, and preferences 
as well as marketplace competitiveness. In other words, does 
the organization capture actionable information from the 
customer? The criteria also seeks to determine if the company 
has put this knowledge to work in the improvement of their 
products, processes, systems, and services. Success in this 
category leads to improved customer engagement through 
customer acquisition, satisfaction, and retention. This cat-
egory clarifies a company’s commitment to its customers.

4.0 Measurement, Analysis, and Knowledge Manage-
ment The award recognizes that information is only useful 
when it is put to work to identify areas for improvement. 
This category investigates a company’s use of information 
and performance measurement systems to encourage excel-
lence. Performance information must be used to improve 
operational competitiveness. Competitive comparisons 
and benchmarking are encouraged to review and ana-
lyze organizational performance. Areas of interest include 
measurement, analysis, and improvement of organizational 

performance, and knowledge management information, 
and information technology.

5.0 Workforce Reviewers for the Baldrige Award are 
interested in a company’s plans and actions that enable its 
workforce to perform to the fullest potential in alignment 
with the company’s overall strategic objectives. How does 
the workforce support and improve its workforce capa-
bility and capacity? Employee involvement, education, 
training, and recognition are considered in this category. 
A company’s work environment receives careful scrutiny 
in an effort to determine how the company has built and 
maintains a work environment conducive to performance 
excellence as well as personal and organizational growth. 
Subcategories include workforce engagement and work-
force environment.

6.0 Operations Within this category, the company is 
judged on how it designs and manages the work performed, 
product design and delivery, innovation, and operational 
effectiveness. Companies must provide details on their key 
business processes as they relate to customers, products, 
and service delivery. Topics of interest include: work pro-
cesses and operational effectiveness.

7.0 Results Ultimately, the purpose of being in busi-
ness is to stay in business. This category examines a 
company’s performance and improvement in several key 
business areas including customer satisfaction, product 
and service performance, financial and marketplace per-
formance, human resources, and operational performance. 
Benchmarking is encouraged to see how the company com-
pares with its competitors. Areas of interest are product 
and process results, customer-focused results, financial and 
market results, workforce-focused results, and leadership 
and governance results.

The criteria for the Malcolm Baldrige Award are 
updated annually. Recipients of the award are from a 
variety of industries, including telecommunications, bank-
ing, automotive, hospitality industry, education, hospitals, 
building products, and manufacturing (Figure 3.5). For 
more information about the award criteria, contact the 
U.S. Commerce Department’s National Institute of Stand-
ards and Technology at www.nist.gov. For a complete list 
of Malcolm Baldrige National Quality Award recipients, 
including organization profiles and contact data, visit 
www.quality.nist.gov.

SiX SigMa
In the 1990s, a concept entitled Six Sigma was conceived 
by Bill Smith, a reliability engineer for Motorola Corpo-
ration. His research led him to believe that the increasing 
complexity of systems and products used by consumers 
created higher-than-desired system failure rates. In “Reli-
ability,” we learned that to increase system reliability and 
reduce failure rates, the components utilized in complex 
systems and products have to have individual failure rates 
approaching zero. With this in mind, Smith took a holistic 
view of reliability and quality and developed a strategy 
for improving both. Smith worked with others to develop 

 1.0 Leadership
 1.1 Senior Leadership
 1.2 Governance and Societal Responsibilities

 2.0 Strategy
 2.1 Strategy Development
 2.2 Strategy Implementation

 3.0 Customers
 3.1 Voice of the Customer
 3.2 Customer Engagement

 4.0 Measurement, Analysis, and Knowledge Management
 4.1  Measurement, Analysis, and Improvement of 

Organizational Performance
 4.2  Knowledge Management, Information, and 

Information Technology

 5.0 Workforce
 5.1 Workforce Environment
 5.2 Workforce Engagement

 6.0 Operations
 6.1 Work Processes
 6.2 Operational Effectiveness

 7.0 Results
 7.1 Product and Process Results
 7.2 Customer-Focused Results
 7.3 Workforce-Focused Results
 7.4 Leadership and Governance Results
 7.5 Financial and Market Results

FIGURE 3.4  Malcolm Baldrige National Quality Award 
Criteria Categories, 2016
Source: Malcolm Baldrige National Quality Award Criteria Cat-
egories, 2016. Published by U S Department of Commerce, 2015.
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the Six Sigma Breakthrough Strategy, which is essentially 
a highly focused system of problem solving. Six Sigma’s 
goal is to reach 3.4 defects per million opportunities over 
the long term. Figure 3.6 shows the impact of achieving 
6s levels of process performance. Did you know that, 
according to data published by ASQ, correct prescription 
writing, correct restaurant bill calculation, and proper 
airline baggage handling takes place at the 4s? Automo-
tive expectation of quality exceed 5s, as do safe aircraft 
carrier landings. Domestic airline fatality rates nearly 
reach 7s.

Six Sigma is about results, enhancing profitability 
through improved quality and efficiency. At the strategic 
business level, upper management must decide to imple-
ment Six Sigma. They set strategic business goals and 
metrics. At the operational process level, middle manag-
ers translate strategic business goals into process goals 
and measures. They also identify process problems and 
projects. At the project level, employees obtain green and 
black belt certifications while working on improvement 
projects throughout the organization.

Six Sigma seeks to reduce the variability present in 
processes. Improvement projects are chosen based on their 
ability to contribute to the bottom line on a company’s 
income statement. Projects should be connected to the stra-
tegic objectives and goals of the corporation. Projects that 
do not directly tie to customer issues or financial results 
are often difficult to sell to management. Six Sigma pro-
jects are easy to identify. They seek out sources of waste 
such as overtime and warranty claims; investigate produc-
tion backlogs or areas in need of more capacity; and focus 
on customer and environmental issues. With high-volume 
products even small improvements can produce a signifi-
cant impact on the financial statement. When choosing a 
Six Sigma project or any improvement project, care should 
be taken to avoid poorly defined objectives or metrics. 
Key business metrics include revenue dollars, labor rates, 
fixed and variable unit costs, gross margin rates, operating 
margin rates, inventory costs, general and administrative 
expenses, cash flow, warranty costs, product liability costs, 
and cost avoidance. The following example provides infor-
mation about how to choose a project.

Example 3.1 Justifying a Project
Queensville Manufacturing Corporation creates specialty 
packaging for automotive industry suppliers. The project 
team has been working to improve a particularly tough 
packaging problem involving transporting finished trans-
missions to the original equipment manufacturer (OEM). 
Company management has told the team that several 
key projects, including theirs, are competing for funding. 
To ensure acceptance of their project, the team wants 
to develop strong metrics to show how investment in 
their project will result in significant cost savings and 
improved customer satisfaction through increased qual-
ity. After brainstorming about their project, the team 
developed the following list of objectives and metrics for 
their project.

Manufacturing
Motorola Commercial, Government & Industrial Solutions Sector
Clarke American Checks, Inc.
Dana Corporation–Spicer Driveshaft Division
ST Microelectronics, Inc. Region Americas
Boeing Airlift and Tanker Programs
Solar Turbines Incorporated
3M Dental Product Division
Solectron Corporation
ADAC Laboratories
Armstrong World Industries, Inc., Building Products Operations
AT&T Network Systems Group Transmission Systems Business Unit
Texas Instruments Incorporated Defense Systems & Electronics 
Group
Eastman Chemical Company
Cadillac Motor Car Company
Westinghouse Electric Corporation Commercial Nuclear Fuel Division
Xerox Corporation, Business Products Systems
IBM Rochester

Service
PricewaterhouseCoopers Public Sector Practice
Caterpillar Financial Services Corporation—United States.
Boeing Aerospace Support
Operations Management International, Inc.
Merrill Lynch Credit Corporation
Dana Commercial Credit Corporation
Verizon Information Services
AT&T Universal Card Services
The Ritz-Carlton Hotel Company
Federal Express Corporation

Small Business
Sunny Fresh Foods
Branch-Smith Printing Division
Pal’s Sudden Service
Wallace Co., Inc.
Globe Metallurgical, Inc.
Granite Rock Company
Ames Rubber Corporation
Texas Nameplate Company, Inc.
Los Alamos National Bank
Trident Precision Manufacturing, Inc.
Lockheed Martin Missiles and Fire Control

Healthcare
Hill Country Memorial
St. David’s HealthCare
Baptist Hospital, Inc.
St. Luke’s Hospital of Kansas City
SSM Heath Care

Education
Community Consolidated School District 15
Pearl River School District
University of Wisconsin-Stout
Chugach School District
Pewaukee School District

Nonprofit
Elevations Credit Union
City of Irving, Texas
Concordia Publishing House

FIGURE 3.5  Partial List of Malcolm Baldrige National 
Quality Award Winners since 1988
Source: The National Institute of Standards and Technology, 1988
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By retrofitting Packaging Machine A with a computer 
guidance system, the following will improve:

Capacity:
Downtime reduction from 23 percent to 9 percent daily 

(downtime cannot be completely eliminated due to 
product changeovers)

Resource consumption reduction
Twenty percent less usage of raw materials such as cardboard 

and shrink-wrap due to improved packing arrangement, 
allowing five transmissions per package instead of four 
previously achieved

Customer Satisfaction:
Improved delivery performance
Improved packaging arrangement integrates better with 

customer production lines, saving 35 percent of customer 
start-up time

Reduced space required for in-process inventory
Improved packaging arrangement, allowing five transmissions 

per package instead of four previously achieved, saving 
10 percent of original factory floor space usage

Reduced defect levels due to damage from shipping
Improved packaging arrangement provides better protection 

during shipment, saving 80 percent of damage costs

Revenue:
Reduced costs $600,000 by the third quarter of the next 

fiscal year, given a project completion date of the fourth 
quarter of this fiscal year

Reduced lost opportunity cost
Increased customer satisfaction will result in an increased 

number of future orders
This project was selected as a focus for Six Sigma improvement 

because it could be justified by the impact it will have on 
overall organization performance. q➛

Six Sigma projects have eight essential phases: recog-
nize, define, measure, analyze, improve, control, stand-
ardize, and integrate. This cycle is sometimes expressed 
as DMAIC (define, measure, analyze, improve, and con-
trol). As Figure 3.7 shows, the generic steps for Six Sigma 
project implementation are similar to the problem-solving 
steps presented in this chapter . The tools utilized during a 
project include statistical process control techniques, cus-
tomer input, failure modes and effects analysis, design of 

experiments, process mapping, cause-and-effect diagrams, 
multivariate analysis, pre-control, and design for manufac-
turability. Six Sigma also places a heavy reliance on graphi-
cal methods for analysis. The Six Sigma methodology is 
implemented in a variety of circumstances; some compa-
nies will change these steps to suit their needs. As with any 
strategy, a variety of acronyms exist (Figure 3.8).

Motorola Corporation utilizes terminology from 
Karate as a method to designate the experience and ability 
levels of Six Sigma project participants. Green Belts are 
individuals who have completed a designated number of 
hours of training in the Six Sigma methodology. To achieve 
Green Belt status, a participant must also complete a cost-
savings project of a specified size, often $10,000, within a 
stipulated amount of time. Black Belts are individuals with 
extensive training in the Six Sigma methodology. Before 
becoming a Black Belt, an individual must have completed 
a specified number of successful projects under the guid-
ance and direction of Master Black Belts. Often companies 
expect the improvement projects overseen by a Black Belt 
to result in savings of $100,000 or more. Master Black 
Belts are individuals with extensive training who have 
completed a large-scale improvement project, usually sav-
ing $1,000,000 or more for the company. Often before 
designating someone a Master Black Belt, a company will 

99.74% Good = Three Sigma (3S) 99.9998% Good = Six Sigma (6S)

20,000 lost articles of mail per hour Seven lost articles of mail per hour

Unsafe drinking water for almost 15 minutes 
each day

Unsafe drinking water one minute every seven 
months

5,000 incorrect surgical operations per week 1.7 incorrect surgical operations per week

Two short or long landings at most major air-
ports each day

One short or long landing every five years

200,000 wrong drug prescriptions each year 68 wrong drug prescriptions each year

No electricity for almost seven hours each 
month

One hour without electricity every 34 years

FIGURE 3.6  Achieving 6s Levels of Process Performance

FIGURE 3.7  Six Sigma Problem-Solving Steps

Once the project has been selected:
1. Select appropriate metrics: key process output variables 

(KPOVs).
2. Determine how these metrics will be tracked over time.
3. Determine current baseline performance of project/process.
4. Determine the key process input variables (KPIVs) that drive 

the key process output variables (KPOVs).
5. Determine what changes need to be made to the key pro-

cess input variables in order to positively affect the key pro-
cess output variables.

6. Make the changes.
7. Determine if the changes have positively affected the 

KPOVs.
8. If the changes made result in performance improvements, 

establish control of the KPIVs at the new levels. If the 
changes have not resulted in performance improvement, 
return to step 5 and make the appropriate changes.
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require a Master’s Degree from an accredited university. 
Master Black Belts provide training and guide trainees dur-
ing their projects. Figure 3.9 shows the responsibilities of 
project participants.

It is important to understand the origin of the term Six 
Sigma. Six Sigma is a methodology, 6s is the value used to 

APQP Advanced Product Quality Planning

CTQ Critical to quality

DFSS Design for Six Sigma

DIAMC Define, improve, analyze, measure, 
control

DPMO Defects per million opportunities

DPU Defect per unit

EVOP Evolution operation

FMEA Failure Modes and Effects Analysis

KPIV Key process input variable

KPOV Key process output variable

Process Owners The individual ultimately responsible 
for the process and what it produces

Master Black Belts Individuals with extensive training 
qualified to teach Black Belt train-
ing classes, who have completed 
a large-scale improvement project; 
often a Master’s Degree is required

Black Belts Individuals with extensive training in the 
Six Sigma methodology who have 
completed a number of improvement 
projects of significant size

Green Belts Individuals trained in the Six Sigma 
methodology who have completed 
an improvement project of a speci-
fied size

Reliability Measured as mean-time-to-failure

Quality Measured as process variability and 
defect rates

FIGURE 3.8  Six Sigma Abbreviations and Terms

Responsibility Phase

Management Recognize

Management/Master Black Belts Define

Black Belts/Green Belts Measure

Black Belts/Green Belts Analyze

Black Belts/Green Belts Improve

Black Belts/Green Belts Control

Management Standardize

Management Integrate

FIGURE 3.9  Six Sigma Responsibility Matrix

calculate process capability, Cp. The spread of a distribu-
tion of average process measurements can only be compared 
with the specifications set for the process using Cp, where

Cp =
USL - LSL

6s

When 6s = USL - LSL, process capability Cp = 1. 
When this happens, the process is considered to be operat-
ing at 3s. Three standard deviations added to the average 
value will equal the upper specification limit, and three 
standard deviations subtracted from the average value will 
equal the lower specification limit (Figure 3.10). When 
Cp = 1, the process is capable of producing products that 
conform to specifications provided that the variation pre-
sent in the process does not increase and that the average 
value equals the target value. In other words, the average 
cannot shift. That is a lot to ask from a process, so those 
operating processes often reduce the amount of variation 
present in the process so that 6s 6 USL - LSL.

Some companies choose to add a design margin of 
25 percent to allow for process shifts, requiring that the 
parts produced vary 25 percent less than the specifications 
allow. A 25 percent margin results in a Cp = 1.33. When 
Cp = 1.33, the process is considered to be operating at 
4s. Four standard deviations added to the average value 

FIGURE 3.10  The Value of 3s Occurs When 6s = USL - LSL, Process 
Capability, Cp = 1

LSL Target USL

Centered 3  :
1350 ppm
defective
on
each
side 

–3 –2 –1 0 1 2 3
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will equal the upper specification limit, and four standard 
deviations subtracted from the average value will equal the 
lower specification limit. This concept can be repeated for 
5s and Cp = 1.66.

When Cp = 2.00, 6s has been achieved. Six standard 
deviations added to the average value will equal the upper 
specification limit, and six standard deviations subtracted 
from the average value will equal the lower specification 
limit (Figure 3.11). Those who developed the Six Sigma 
methodology felt that a value of Cp = 2.00 provides 
adequate protection against the possibilities of a process 
mean shift or an increase in variation. Operating at a 6s 
level also enables a company’s production to have virtually 
zero defects. The long-term expectation for the number of 
defects per million opportunities is 3.4. Compare this to a 
process that is operating at 3s and centered. Such a process 
will have a number of defectives per million opportunities 
of 1,350 out of each side of the specification limits for a 
total of 2,700. If the process center were to shift 1.5s, the 
total number of defects per million opportunities at the 3s 
level would be 66,807. A process operating at 4s will have 
6,210 defects per million opportunities over the long term, 
whereas a process operating at the 5s level will have 233 
defects per million opportunities long term. The formula 
for long-term s is

s = Normsinv (1 - [DPMO/1,000,000]) + 1.5

Even if the cost to correct the defect is only $100, oper-
ating at the 3s level while experiencing a process shift will 
cost a company $6,680,700 per million parts. Improving 
performance to 4s reduces that amount to $621,000 per 
million parts produced. Six s performance costs just $340 
per million parts.

Selecting the right metrics, the right thing to measure, 
is critical when working to improve process performance. 
Measures or metrics enable users to quantify the amount 
of improvement taking place. It is important that met-
rics be critical to quality. In other words, they need to be 

linked to bottom-line results. Six Sigma practitioners use 
many different quality metrics in decision-making. These 
include:

– Cpk (the distance from the process average to the 
nearest specification limit divided by 3s)

– Cost of poor quality (the costs associated with 
failure)

– Sigma level (the number of standard deviations to 
the nearest specification limit)

Defects per million opportunities
As with any process improvement methodology, there 

are issues that need to be examined carefully. One criti-
cism is that Six Sigma methodology does not offer any-
thing new. Comparisons have been made between ISO 
9000 and Six Sigma, continuous improvement strategies 
and Six Sigma strategies, and significant similarities exist 
(Table 3.1). Comparisons have also been made between 
Master Black Belt qualifications and the qualifications for 
a certified quality engineer (CQE). Once again, the simi-
larities are striking (Table 3.2). Other certifications avail-
able through ASQ (www.asq.org) include certified quality 
technician, certified quality engineer, and certified quality 
manager.

Another criticism is the focus on defectives per million. 
Can we really call them defectives? The term itself brings 
to mind product liability issues. How does a customer view 
a company that is focused on counting defectives? Should 
defect counts be seen as the focus or are companies really 
trying to focus on process improvement?

The Six Sigma methodology encourages companies to 
take a customer focus and improve their business processes. 
Using DMAIC as a guideline, companies seek opportunities 
to enhance their ability to do business. Process improve-
ment of any kind leads to benefits for the company from 
the reduction of waste, costs, and lost opportunities. Ulti-
mately, it is the customer who enjoys enhanced quality and 
reduced costs.

FIGURE 3.11  The Value of 6s Occurs When 6s 6 USL - LSL, 
Process Capability, Cp = 2

LSL Target USL

–6 –5 –4 –3 –2 –1 0 1 2 3 4 5 6
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TaBlE 3.2 Body of Knowledge Comparison of CQE and Black Belt Certification

Category
ASQ Certified Quality Engineer (CQE)  
Certification Requirements Black Belt Requirements

Leadership Management and Leadership in Quality Engineering Enterprise-Wide Deployment

Product Design Product and Process Design Design for Six Sigma

Quality Management Systems Quality Systems Development, Implementation, and 
Verification

Not covered

Quality Assurance Planning, Controlling, and Assuring Product and Pro-
cess Quality, Costs of Quality and Quality Audits

Not covered

Reliability Reliability, Risk Management and Maintainability Reliability

Problem Solving Problem Solving and Quality Improvement Define-Measure-Analyze-Improve-Control

Quality Tools Problem Solving and Quality Improvement DMAIC

Project Management Not covered Project Management

Team Concepts Not covered Team Leadership

Statistical Methods Probability and Statistics Collecting, Summarizing, 
and Decision-making

Probability and Statistics Collecting, Summarizing, 
and Decision-making

Design of Experiments Design of Experiments Design of Experiments

Process Capability Analyzing Process and Performance Capability Analyzing Process and Performance Capability

Statistical Process Control Statistical Process Control Statistical Process Control

Measurement Systems (metrol-
ogy/calibration)

Measurement Systems Analysis and Metrology Measurement Systems Metrology

Lean Manufacturing Not covered Lean Enterprise

Other Techniques FMEA, FMECA, FTA FMEA, QFD Multivariate Studies

TaBlE 3.1 Comparison of ISO 9000, the Malcolm Baldrige Award Criteria, and Continuous Improvement/
Quality Management

ISO 9000 Baldrige Award CI/QM Six Sigma

Scope Quality management system
Continuous improvement

Quality of management Quality management and 
corporate citizenship

Continuous improvement

Systematic reduction of 
process variability

Basis for defining 
quality

Features and characteristics 
of product or service

Customer-driven Customer-driven Defects per million 
 opportunities

Purpose Clear quality management 
system requirements for 
international cooperation

Improved record keeping

Results-driven competitive-
ness through total quality 
management

Continuous improvement of 
customer service

Improve profitability by re-
ducing process variation

Assessment Requirements based Performance based Based on total organizational 
commitment to quality

Defects per million opportu-
nities

Focus International trade
Quality links between 

 suppliers and purchasers
Record keeping

Customer satisfaction
Competitive comparisons

Processes needed to sat-
isfy internal and external 
 customers

Locating and eliminating 
sources of process error

Following graduation, Chris joined a multinational logistics 
organization. Early on, his manager encouraged him to further his 
education by becoming a Six Sigma Green Belt. Since his col-
lege program of study had included a four-course series in quality 

Becoming a Black Belt REal TOOlS for REal liFEq➛
assurance, Chris felt confident that he was well prepared for this 
adventure. When he began his Green Belt certification process in 
the fall, his classes included exposure to the quality tools listed in 
Figure 3.12. Since his training was really a review of his college 
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Malcolm Baldrige Award is an integrated approach that uses 
results-based performance assessments to improve competi-
tiveness, whereas the ISO 9000 standards focus on functional 
requirements and record keeping to support international 
cooperation. Six Sigma drives improvement focused on the 
bottom line. None of these has the clear continuous improve-
ment mandate that characterizes a total quality system. The 
Baldrige Award criteria, which set standards for leadership 
and customer-driven quality, most closely reflect the total 
quality concept.

Organizational leadership must understand that qual-
ity improvement initiatives are about achieving long-term, 
sustained changes. These efforts take time and are not 

techniques, advanced statistics, hypothesis testing, analysis 
of variation, regression analysis, control charts, and design of 
experiments (Figure 3.13). Black Belt trainees met once a month 
for training and then applied what they learned for the next three 
weeks to their everyday work. At each training session, Master 
Black Belts reviewed what he had applied from previous train-
ing session. Training also included the study of many projects 
completed by other Black Belts. Trainees were given the original 
project plans and asked to simulate the project and analyze the 
results. During his last class, Chris participated in a one-day 
project that included elements of design of experiments. For his 
Black Belt project, a logistics pick-pack-ship optimization project, 
Chris developed an experiment to study the optimal configuration 
for the pick-pack-ship line in his facility. He ran the experiment 
on Saturday, analyzed the data on Sunday, made appropriate 
changes to the line based on the experiment, and then monitored 
the new setup for several weeks. Once his predicted results were 
confirmed, he wrote up his results, calculated financial benefits, 
and presented his report to management. Shortly thereafter, Chris 
was certified as a Six Sigma Black Belt by the Master Black Belt.

Though certification was granted by the Master Black Belt, Chris 
decided to formalize his certification by taking the Black Belt Certi-
fication test from the American Society for Quality. His score: 95%!

q➛

FIGURE 3.12  Training Typically Required for Green 
Belt Certification
Source: Donna C. Summers, Quality,6e, © 2018, Pearson 
Education, Inc., New York, NY

Six Sigma Principles
Lean Concepts and Principles
Quality Philosophies
Performance Measures/Metrics
Value-stream Process Mapping
Problem-solving and Problem-solving tools

Check Sheets
Pareto Chart
Cause-and-Effect Diagram Analysis
Scatter Diagrams

Statistical Process Control
Frequency Diagrams
Histograms
Statistics
Data Collection
Data types and sampling techniques
X and R charts
Process Capability Analysis
P, u, c charts
Root Cause Analysis
Variation Reduction
Multi-vari studies
Hypothesis testing

Design of Experiments Basics
Design for Six Sigma (DFSS)
Failure Modes and Effects Analysis
Project Management
Voice of the Customer
Benchmarking
Teams
Lean Tools
Green Belt Project

FIGURE 3.13  Training Typically Required for Black 
Belt Certification
Source: Donna C. Summers, Quality,6e, © 2018, Pearson 
Education, Inc., New York, NY

Green Belt Requirements plus:
Statistical Process Control
Variable Control Charts
Attributes Control Charts
Process Capability Analysis
Hypothesis Testing
Regression Analysis
Measurement Systems Analysis
Design of Experiments
Gage R&R
Reliability
Project Management
Mentoring and Training
Voice of the Customer
Leadership
Risk Analysis
DMAIC
DFSS
Lean
Black Belt Project

courses, Chris was able to quickly grasp the concepts and tools and 
apply them to his project. The project, selected by his Master Black 
Belt mentor, involved developing a corrective action procedure to 
identify root causes of process failures in a package sorting line. 
Following an in-depth review of his training and project, the Master 
Black Belt, an individual accredited through the Six Sigma Acad-
emy, Chris received certification early the next spring.

That summer, Chris began Black Belt training. Over the period 
of a year, he attended 160 hours of training in basic statistical 

SuMMaRy 

ISO 9000, supplier certification requirements, the Malcolm 
Baldrige Award criteria, and the Six Sigma methodology 
provide direction and support for companies interested in 
developing a total quality system. All of these require the 
same general approach: Establish an organizational policy, 
implement that policy through documented procedures, 
practice the procedures and policies in the work environ-
ment, and show proof that the company’s day-to-day busi-
ness practices support the policies. Table 3.1 summarizes 
how the approaches compare with one another. Perhaps the 
key difference among the three is the purpose of each. The 
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short-term fixes. Continuous improvement efforts, Six 
Sigma, and ISO 9000 are based on quality improvement 
principles that complement each other. Regardless of which 
approach an organization takes, all quality management 
systems stress eight key principles:

Customer focus: identifying customer expectations

Process improvement based on customer expectations

Fact-based decision-making: measures critical to cus-
tomer expectations

Systems approach to management: tracking measures

Leadership: commitment to excellence

Involvement of people

Continuous improvement

Mutually beneficial supplier relationships

q➛ lESSOnS lEaRnED 

1. ISO 9000 is a requirements-based assessment that sup-
ports the development of a quality management system.

2. ISO 9000 standards focus on functional requirements 
and record keeping to support international coopera-
tion in business-to-business dealings.

3. Quality systems like TS 16949 combine requirements 
from ISO 9000 with sector- and customer-specific 
requirements.

4. Many quality systems require that suppliers create, doc-
ument, and implement a quality management system.

5. ISO 14000 is primarily focused on the efforts made by 
an organization to minimize any harmful impact on 
the environment that its business activities may cause.

6. Six Sigma is a methodology that seeks to improve prof-
its through improved quality and efficiency.

7. Companies competing for the Malcolm Baldrige 
National Quality Award must perform well in the 
following categories: leadership; strategy; customers; 
measurement, analysis, and knowledge management; 
workforce; operations; results.

8. The Malcolm Baldrige Award uses results-based per-
formance assessments to improve competitiveness.

9. The Baldrige Award criteria, with their standards for 
leadership and customer-driven quality, most closely 
reflect the total quality system.

CHaPTER PROBlEMS 

QUALITY SYSTEMS

1. What is meant by the term quality system?
2. Why would a quality system be critical to providing a 

quality product or service?

3. What attributes would you expect to be present in a 
company that has a sound quality system?

4. Describe the quality system that existed at your most 
recent place of employment. How would you rate its 
effectiveness? Support your rating with examples.

ISO 9000/ISO 14000

5. Describe which types of companies would use ISO 9001.
6. Find an article about a company that is in the process 

of achieving or has achieved ISO 9000 or ISO 14000 
certification. What were the steps that they had to 
take? What difficulties did they encounter?

7. Contact a local company that is in the process of 
achieving or has achieved ISO 9000 or ISO 14000 cer-
tification. What were the steps that they had to take? 
What difficulties did they encounter?

8. Describe the differences between the ISO 9000 series 
of requirements and the requirements for TS 16949.

9. Consider your current place of employment or where 
you were employed in the past. How would imple-
menting ISO 9000 improve the way your organization 
does business?

10. Describe ISO 14000 to someone who has not heard 
of it.

11. What are the benefits of certification?
12. Describe the registration process.
13. Why is record keeping important? What types of 

records do certified organizations keep?

MALCOLM BALDRIGE

14. Describe the main premise of each of the criteria for 
the Malcolm Baldrige Award.

15. Research a Malcolm Baldrige Award winner. What 
did they have to change about their quality system in 
order to become a winner? What did they consider 
the most important criterion? Why? How did they go 
about achieving that criterion?

16. Discuss the differences among ISO 9000, the Baldrige 
Award, and Six Sigma.

17. Why is the Malcolm Baldrige National Quality Award 
the most comprehensive guide to organization-wide 
improvement? What does it have that ISO 9000 and 
Six Sigma lack?

SIX SIGMA

18. Describe the Six Sigma concept.
19. How does Six Sigma bring about a reduction of 

defects?
20. What tools does Six Sigma use?
21. How are Six Sigma projects selected?
22. Describe the differences among Green Belts, Black 

Belts, and Master Black Belts.
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CaSE STuDy 3.1 

Malcolm Baldrige Award Criteria

Many firms have implemented comprehensive quality im-
provement programs. Recent articles in trade publications 
as well as nationally known magazines such as Forbes, 
BusinessWeek, and Newsweek have reported on what 
these companies have been doing in the area of quality.

q➛aSSignMEnT

Read one or more comprehensive articles from a current 
business or news magazine and on the basis of your reading 
assess the quality improvement activities of one company. 
Choose one of the seven areas found in the Malcolm Bald-
rige Award criteria and make your assessment along the 
same guidelines. You may wish to strengthen your assess-
ment by contacting the company itself. Use the following 
questions to aid you in investigating the firm.

1. Leadership
a. What is the attitude and involvement of top man-

agement? How is this visible? Check top manage-
ment’s understanding of quality, their investment 
of time and money in quality issues, their willing-
ness to seek help on quality management, their 
support of each other and subordinates, the level 
of importance they place on quality, and their par-
ticipation in quality process.

b. What importance does the company management 
place on developing a quality culture? How is this 
visible? Check their understanding of quality, their 
investment of time and money in quality issues, 
their willingness to seek help on quality manage-
ment, their support of each other and subordi-
nates, the level of importance they place on qual-
ity, their participation in quality process, and their 
training of employees.

c. What is your perception of importance of quality 
to this company? How is this visible? Is the com-
pany’s position based on eliminating defects by 
inspection? judging cost of quality by scrap and 
rework? or preventing defects through design of 
process and product?

d. Does the organization address the need for a re-
sponsible, informed, transparent, and accountable 
governing body that protects the interests of key 
stakeholders?

e. Is the organization societally responsible? How 
does the organization address legal compliance, 
ethics, risks, public concerns, conservation of nat-
ural resources, and other societal concerns?

q➛
2. Strategy

a. What importance does the company place on  quality 
in its strategic planning? How is this  visible? Check 
management’s understanding of customer-focused 
excellence, operational performance  improvement 
and innovation, organizational learning, quality, 
their investment of time and money in quality is-
sues, how their interest is reflected in the strategic 
plan, the level of importance they assign the stra-
tegic plan, and whether quality control is evident 
throughout the plan or in just one section.

b. How does the company develop and implement 
their plans and strategies for the short term? for 
the long term?

c. Which benchmarks does the company use to 
 measure quality? Are the benchmarks relative to the 
market leader or to competitors in general? What 
are management’s projections about the market?

d. How does the company rank the following:
 j Cost of manufacturing and product provision
 j Volume of output
 j Meeting schedules
 j Quality

e. Does the company management feel that a certain 
level of defects is acceptable as a cost of doing 
business and a way of company life?

f. Is quality first incorporated into the process at the 
concept development/preliminary research level? 
the product development level? the production/op-
erations level? at final inspection?

g. Does the company define quality according to per-
formance? aesthetic issues? serviceability? durabil-
ity? features? reliability? fit and finish? conform-
ance to specifications?

h. Are the following measures used to evaluate over-
all quality?

 j Zero defects
 j Parts per million
 j Reject or rework rate
 j Cost of quality

i. The company’s quality improvement program is 
best described as:

 j There is no formal program.
 j The program emphasizes short-range solutions.
 j The program emphasizes motivational projects 
and slogans.

 j A formal improvement program creates wide-
spread awareness and involvement.

 j The quality process is an integral part of ongoing 
company operations and strategy.

j. Perceived barriers to a better company are
 j Top-management inattention

M03_SUMM3273_06_SE_C03.indd   61 10/28/16   10:31 AM



62 CHAPTER THREE

 j Perception of program costs
 j Inadequate organization of quality effort
 j Inadequate training
 j Costs of quality not computed
 j Low awareness of need for quality emphasis
 j Crisis management a way of life (leaves no time)
 j No formal program/process for improvement
 j The management system
 j The workers

k. The following steps in a quality improvement plan 
have (have not) been taken:

 j Obtained top-management commitment to 
 establish a formal policy on quality

 j Begun implementation of a formal companywide 
policy on quality

 j Organized cross-functional improvement teams
 j Established measures of quality (departmentally 
and in employee evaluation system)

 j Established the cost of quality
 j Established and implemented a companywide 
training program

 j Begun identifying and correcting quality problems
 j Set and begun to move toward quality goals

l. What objectives has the company set?
 j Less rework
 j Less scrap
 j Fewer defects
 j Plant utilization
 j Improved yield
 j Design improvements
 j Fewer engineering changes (material, labor, pro-
cess changes)

 j Workforce training
 j Improved testing
 j Lower energy use
 j Better material usage
 j Lower labor hours per unit

3. Customers
a. How does the company capture the voice of the 

customer? How does the organization listen to the 
customer and obtain actionable information?

b. How does the organization achieve customer en-
gagement?

c. How are customer concerns handled? What is the 
follow-up process?

d. Which statement(s) describe company efforts to 
provide the best customer service:

 j The process has unequivocal support of top 
management.

 j Middle management is able to make significant 
changes.

 j Employees assume the major responsibility for 
ensuring customer satisfaction.

 j Formal training in customer satisfaction is pro-
vided to all employees.

e. How does the company gather quality feedback 
from their customers?

 j Through customer surveys
 j Through a telephone hotline
 j Through customer focus groups
 j Through sales force or service representative re-
ports

 j Through social media
f. Customer complaints are received by

 j The CEO or his/her office
 j The marketing or sales department
 j The quality assurance staff
 j Service support departments
 j Customer complaint bureaus

4. Measurement, Analysis, and Knowledge Management
a. What types of data and information does the 

company collect? Are these records on customer-
related issues? on internal operations? on company 
performance? on cost and financial matters?

b. How does the company ensure the reliability of 
the data throughout their company? Are their re-
cords consistent? standardized? timely? updated? 
Is there rapid access to data? What is the scope of 
the data?

c. How are their information and control systems 
used? Do they have key methods of data collection 
and analysis? systematic collection on paper? sys-
tematic collection with computers? How do they 
use the information collected to solve problems? 
Can problems be traced to their source?

d. Is the organization’s performance management 
system aligned and integrated in order to yield 
data and information? How is this comparative 
data used to support business analysis and deci-
sion-making?

5. Workforce
a. Is performance excellence incorporated into the 

human resources system through
 j Job descriptions of the president, vice president, 
managers, etc.

 j Performance appraisals
 j Individual rewards for performance improve-
ment  efforts

 j Hiring practices
 j Education and training programs

M03_SUMM3273_06_SE_C03.indd   62 10/28/16   10:31 AM



Quality Management Systems      63

h. Which of the following topics are covered in the 
training programs? What is the depth of coverage?

 j Process control
 j Problem solving
 j Data gathering and analysis
 j Quality tools (Pareto Charts, cause-and-effect 
diagrams, etc.)

6. Operations
a. How are designs of products, services, and pro-

cesses developed so that customer requirements are 
translated into design and quality requirements?

b. How do people handle problem solving and deci-
sion-making? How is this visible?

 j Crisis management prevails. Quality problems 
arise and are fought on an ad hoc basis.

 j Individuals or teams are set up to investigate ma-
jor problems.

 j Problem solving is institutionalized and opera-
tionalized between departments. Attempts are 
frequently made to blame others.

 j Problems and potential problems are identified 
early in development. Data and history are used 
for problem prevention.

c. The following quality-related costs are compiled 
and analyzed on a regular basis:

 j Scrap
 j Product liability
 j Product redesign
 j Repair
 j Warranty claims
 j Consumer contacts/concerns
 j Inspection
 j Specification/documentation review
 j Design review
 j Engineering change orders
 j Service after service
 j Rework
 j Quality audits
 j Test and acceptance
 j Supplier evaluation and surveillance

d. How are costs of quality (or non-quality) calculated?
 j Costs are not computed; there is little or no 
awareness of total costs.

 j Direct costs are computed for rework, scrap, and 
returns, but the total cost of non-quality is not.

 j Total costs are computed and are related to per-
centage of sales or operations.

 j The costs of quality (prevention, appraisal, fail-
ure) are computed and reduced to 2 to 3 percent 
of actual sales.

b. How does the company encourage employees to 
buy in to creating and maintaining performance 
excellence?

 j Through incentives
 j Through stressing value to customers
 j Through surveys or other forms of customer 
feedback

 j Through the example of management
c. Has the performance excellence message been dis-

tributed throughout the organization so that em-
ployees can use it in their day-to-day job activities? 
How has it been distributed?

d. If the importance of performance excellence has 
been communicated throughout the corporation, 
how is that emphasis made visible?

 j Are all employees are aware of the importance 
of performance excellence? How is this visible?

 j Are all employees are aware of how performance 
excellence is measured? How is this visible?

 j Are all employees are aware of the role of per-
formance excellence in their job? How is this vis-
ible?

 j Are all employees are aware of how to achieve 
performance excellence in their job? How is this 
visible?

e. Have teams been established to encourage cross-
functional performance excellence efforts?

 j If yes, do multifunctional teams seek continuous 
improvement?

 j If yes, do teams have been formed in nonmanu-
facturing and staff departments to encourage 
performance excellence companywide?

f. Which of the following topics are stressed in em-
ployee participation groups? Is this stress reflected 
in the minutes, in attitudes, in solutions to prob-
lems?

 j Product quality
 j Service quality
 j Quality of work life
 j Productivity
 j Cost
 j Safety
 j Energy
 j Schedules
 j Specifications
 j Long-term versus quick-fix solutions

g. What percentage of employees have been involved 
in training programs in the past three years?

 j On the managerial/supervisory level?
 j On the non-managerial level?
 j Among clerical and shop workers?
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 j By cash flow increase
 j By the bottom line: return on investment, net 
profit percent, etc.

d. Does the finance and accounting system play the 
following roles in the quality management system?

 j Does it calculate and track cost of quality?
 j Does it measure and report performance trends?
 j Does it distribute performance data to appropri-
ate persons?

 j Does it design, track, and utilize performance 
measures?

 j Does it compare performance to competition?
 j Does it encourage innovation and new ways to 
encourage performance excellence?

e. What tangible benefits has this company seen  related 
to their performance excellence program? How are 
the benefits visible? How are they measured?

 j Increased sales
 j Increased return on investment
 j Customer satisfaction
 j Lower cost
 j Higher selling price
 j More repeat business
 j Higher market share
 j Improved cash flow

e. Are periodic audits conducted to determine if the 
system is meeting the goals?

f. How are supplier relationships studied?
 j Suppliers are certified by requiring evidence of 
statistical process control (SPC).

 j Defects in shipments are identified and suppliers 
have to pay for them.

 j A close working relationship has been estab-
lished, allowing the suppliers to participate in the 
design/manufacture of the products.

 j A just-in-time system has been established.
 j Suppliers are rated with a formal system based 
on quality levels, capacity, production facilities, 
and delivery on schedule.

7. Results
a. How does the company track the key measures of 

product, service, and process quality?
b. How does the company benchmark itself against 

other companies?
c. How does the company justify expenditures on 

quality improvements?
 j By traditional accounting procedures (expendi-
tures justified only if lower than cost of product 
failure)

 j By normal capital budgeting procedures that 
incorporate risk-adjusted net present value and 
discounted costs of capital
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C H A P T E R
F O U R

Major Topics
 j problem solving
 j steps in process improvement
 j plan
 j Do
 j study
 j act
 j summary
 j Lessons Learned
 j chapter problems
 j case study 4.1 problem solving
 j case study 4.2 process improvement

QUality impROvement: 
pROblem SOlving

Have you ever been lost? What is the first thing you 
need to do before proceeding? If you answered “find 
out where you are,” then you realize that chance 
turnings may or may not get you to your desired 
destination.

When it came to problem solving, even Dr. Walter 
Shewhart realized that

All chance is but direction thou canst not see.
Problem solving is a bit like being lost. It isn’t 

until you find out where you are that you can figure 
out where you need to go. Often there are multiple 
ways to reach your destination, but which one is the 
best? Rather than take a chance, effective problem 
solvers figure out where they stand, what the problem 
really is, and what the cause of the problem is before 
proposing any solutions. This chapter seeks to teach 
problem-solving methods to help identify problems 
and their root causes.

q➛  L e a r n i n g  O p p O r t u n i t i e s

1. To understand and utilize a systematic problem-solving 
process; to learn to ask the right questions, present 
information clearly and unambiguously, and make 
judgments based on the information

2. To understand and utilize a variety of techniques for 
effective problem diagnosis and problem solving

3. To learn to diagnose and analyze problems that cause 
variation in the manufacturing, process, and service 
industries

Szasz-Fabian Jozsef/Fotolia
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of the vehicles in a curtained area or inserting the tailpipe 
into a hose vented to the outside. Management recognized 
that these suggestions would merely cover up the problem 
rather than tackle its root cause. Instead, they formed a 
corrective-action problem-solving team to isolate the root 
cause of the problem and determine a solution. Cognizant 
that action must be taken for the short term, the operators 
in the area were required to wear respirators, and exhaust 
fans were temporarily added to the area.

While searching for a root cause of the problem, team 
members spoke with operators to see if they had any idea 
what the source of the white smoke might be. Several oper-
ators suggested that the team check the exhaust pipes. In 
some shipments, excess oil has been found in the exhaust 
pipes. If the pipes are soaked in oil, they are rejected, but 
perhaps some are getting through to assembly. Several of 
the people questioned didn’t think the oil would cause a 
smell as bad as what was occurring.

At the same time that the team was discussing pos-
sible sources of the smoke with the operators, they also 
requested that air samples be taken during vehicle start-
ups. Analysis of the air samples revealed that ammine was 
present in large amounts when the vehicles smoked during 
start-up. If the vehicles did not smoke on start-up, ammine 
was not present. The presence of ammine accounts for the 
ammonia smell.

Since the engine, manifolds, and catalytic converter 
parts come from several suppliers, the team set out to 
investigate the types of materials present, either in the 
finished parts or during their assembly, that might release 
an ammonia smell. At first, the team suspected that 
adhesives containing ammine were used during assem-
bly. However, further investigation revealed that no adhe-
sives containing ammine were used during vehicle or part 
assembly, thus ruling out adhesives as the root cause or 
source of the ammine.

While talking with suppliers, it came to light that the 
catalytic converter is coated with palladium in an ammine 
solution. Since this was the only source of ammine 
located, the team studied the process of manufacturing 
the converters. In the current process, the converters were 
coated with palladium in an ammine solution and then 
conveyed to an oven for drying. A gap was left on the 
conveyor between different lots of converters. When the 
converters were in the oven, hot air was forced up from the 
bottom to dry the converters. Team members determined 
that the gap between lots allowed an escape path for the 
heated air. Escaping hot air lowered the operating temper-
ature to 250° Celsius, not the required 300°. The airflow 
and lower temperature dried the converters inconsistently, 
thus the reason for the intermittent nature of the problem. 
For those palladium-coated converters that were not dried 
entirely, the heat created by the car engine during opera-
tion completed the drying, causing the white smoke and 
ammonia odor upon start-up. Once the converter dried, the 
smoke and smell disappeared. So this problem occurred 
only during initial start-up and was never experienced by 
the customer.

pROblem SOlving
Our plans miscarry because they have no aim. 
When a man does not know what harbor he is 
making for, no wind is the right wind.

—Quote by Lucius Annaeus Seneca.

In the day-to-day process of creating and providing prod-
ucts and services for customers, problems crop up. We all 
know it’s true and often our workdays involve running 
from one problem to another, firefighting. We barely man-
age to tamp down the flames of one problem when another 
flares up elsewhere. To a certain extent, we’re responsible 
for our own plight. Often, we attack problems with no 
plan and as the above quote points out, none of our efforts 
may be the right effort.

Problem solving, the isolation and analysis of a prob-
lem and the development of a permanent solution, is an 
integral part of the quality improvement process. To solve 
problems effectively, people need to be trained in correct 
problem-solving procedures and techniques. Utilizing these 
procedures and techniques strengthens our ability to find 
permanent solutions to eliminate the problems. Rather 
than approach problems like lost drivers randomly turn-
ing on different streets in the hope of finding their destina-
tion, effective problem solvers realize that the hit-or-miss 
approach to tackling problems may leave the real problem 
unsolved, the real root cause undiscovered, the real desti-
nation not reached. Six Sigma, lean, and total quality man-
agement practitioners recognize the importance of finding 
the real cause behind why a problem exists.

StepS in pROceSS 
impROvement
To locate and eliminate the root or real cause of a prob-
lem, problem solving should follow a logical, systematic 
method. Other, less systematic attempts at problem solving 
run the risk of attempting to mask the symptoms associ-
ated with the problem rather than eliminating the problem 
at its cause.

Example 4.1 root cause analysis
RQM Inc., an automobile manufacturer, purchases most 
of their parts from suppliers and assembles them at their 
final assembly plant. Over the past six months, they have 
been experiencing intermittent smoke/odor problems when 
the completed vehicles are started for the first time to 
drive off the assembly line. The problem does not occur 
with any pattern. Sometimes it reappears several times in 
a shift, sometimes it will not happen for days. The smoke 
is thick and white and the worse the smoke, the worse 
the odor. The odor carries a strong scent of ammonia and 
is causing the operators to complain of sudden violent 
headaches. Several operators have requested transfers to 
other positions.

Since this is a serious safety concern, a variety of 
Band-Aids were immediately proposed, such as starting all 
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Having determined the root cause of the problem, the 
team, working with the converter supplier, made the fol-
lowing changes. A jig is now placed between the different 
converter lots. This jig separates the lots but does not allow 
an escape path for hot air out of the oven. Other minor 
modifications were made to the oven to allow it to hold a 
temperature of 300° Celsius.

Having located the root cause of the problem, once 
the changes were made to the process, the smoke/odor 
problem disappeared. Though the team was disbanded, 
a representative from the team was assigned the duty of 
monitoring the situation to ensure that the problem does 
not reappear. This chapter will show you how to go about 
making improvements. In it, you will also learn many of the 
tools used in effective problem solving. q➛
Companies like the one in the example above need 

skilled individuals to help them become more competitive. 
These people know the answers to such questions as: What 
is the best way for companies to make improvements? 
How do they prevent errors from occurring? How should 
they approach a situation like the one described above? 
Problem-solving efforts should be objective and focused 

on finding the root cause of the problem. Proposed solu-
tions, when implemented, should prevent a recurrence of 
the problem. Controls should be in place to monitor the 
solution to study its effectiveness. Teamwork, coordinated 
and directed problem solving, problem-solving techniques, 
and statistical training are all part of ensuring that prob-
lems are isolated, analyzed, and corrected. The concepts, 
tools, and techniques taught in this chapter are integral 
to continuous improvement and Six Sigma methodologies.

Introduced in Chapter 2, Dr. Deming’s Plan-Do-
Study-Act (PDSA) cycle is the foundation for the system-
atic approach to problem solving that will be followed 
in this chapter (Figure 4.1). Significant similarities exist 
between Dr. Deming’s PDSA cycle and Six Sigma’s 
Define-Measure-Analyze-Improve-Control (DMAIC) 
cycle ( Figure 4.2). These approaches to problem solving 
also share tools and techniques. Seven of these tools—
flowcharts, Pareto charts, cause-and-effect diagrams, 
check sheets, force-field analysis, WHY-WHY diagrams, 
and scatter diagrams—will be discussed in this chapter 
( Figure 4.3). Other tools, such as control charts, histo-
grams, and design of experiments, are topics covered in 
later chapters.

FigurE 4.1  Problem-Solving Steps with Tools
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Define, Measure, and analyze plan

1. Select appropriate metrics Key process out-
put variables

2. Determine how these metrics will be tracked 
over time

3. Determine the current baseline performance 
of project/process

4. Determine key process input variables that 
drive the key process output variables

5. Determine what changes need to be made 
to the key process input variables in order 
to positively affect the key process output 
variables

1. Recognize a problem exists

2. Form a quality improvement team

3. Develop performance measures

4. Clearly define the problem

5. Document and analyze problem/process

6. Determine possible causes

improve

6. Make the changes

Do

7. Identify, select, and implement the solution

Control

7. Determine whether the changes have posi-
tively affected the key process output variables

8. If the changes made result in performance 
improvements, establish control of the key 
process input variables at the new levels

study and act

8. Evaluate the solution

9. Ensure permanence

10. Continuous improvement

FigurE 4.2  Comparing PDSA with DMAIC

FigurE 4.3  Problem-Solving Tools

Problem/Opportunity Development Tools
Brainstorming
WHY-WHY Diagrams
Flowcharts
Force-Field Analysis

Quantitative Tools
Histograms and Statistics
Cause-and-Effect Diagrams
Pareto Charts

Control or Tracking Tools
Control Charts
Run Charts
Scatter Diagrams

Appraisal Tools
Check Sheets

plan
In problem solving, both the PDSA cycle and Six Sigma’s 
DMAIC steps place a strong emphasis on studying the cur-
rent conditions and planning how to approach a problem. 
Well-planned problem-solving efforts look at processes and 
products to determine how they are presently performing 
(Table 4.1).

step 1. plan: recognize a problem exists
Information concerning the problem(s) may have come 
from a number of different sources, departments, employ-
ees, or customers. Management involvement and commit-
ment is crucial to the success of any major problem-solving 
process. Management should participate in the recogni-
tion and identification of problems, since they are ulti-
mately responsible for seeing that problems are isolated 
and solved.

During the problem recognition stage, the problems 
will be outlined in very general terms. At this point in the 
problem-solving process, management has recognized or 
identified that a problem or problems exist. They are grap-
pling with the question: What is our goal? What prob-
lem are we trying to solve? Problem solving takes time 
and money. For this reason, management must determine 
why the issue is important and why the current situation is 
unacceptable. As yet, the specifics of the problem(s) have 
not been clearly defined.

To begin the problem-solving process, creating a well-
written problem statement is critical. The problem state-
ment should identify that a gap exists between what is 
and what should be occurring. It should be concise and 
should address the five Ws (who, what, where, when, and 
why). Who is experiencing the problem? What problem 
are they experiencing? Where and when does the problem 
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pLan: What problem are 
we trying to solve?

1.  Recognize a problem issue 
exists.

Determine why the issue is important and why 
the current situation is unacceptable.
Identify the issue from client surveys, audits, 
warranty claims, etc.

Tools: Surveys, run charts,
Pareto charts, histograms, check 
sheets, audit, focus groups

2.  Form an improvement team. Select team members by determining who is 
affected by the issue. Include individuals who 
have the responsibility and authority to deal 
with the problem or issue.

Involve people who will be 
impacted by changes in the 
problem-solving process

3.  Develop performance 
measures.

Develop measures that answer the ques-
tion: How do we know the change is work-
ing? Identify key measures needed to track 
performance. Base the measures on customer 
needs, wants, expectations, and requirements. 
Develop a reporting system for who receives 
what information and when.

Tools: Brainstorming

4.  Clearly define the problem.
—Identify customers
—Identify customer wants
—Identify processes
— Write problem-improve-

ment statements

Identify external and internal customers im-
pacted by the problem or process. Identify and 
prioritize customer needs, wants, expectations, 
and requirements. Identify processes that are 
tied to customer needs, wants, expectations, 
and requirements. Prioritize processes to focus 
on. Define the gap between what is and what 
should be. Develop a problem/improvement 
statement based on key customer needs, 
wants, expectations, and requirements. Link 
with identified issue and process.

Tools: Surveys, affinity diagrams, 
WHY-WHY diagrams, run charts, 
Pareto charts, histograms, check 
sheets, audits, focus groups

pLan: How are we doing? 5.  Document and analyze the 
problem/process.

Map the current process. Identify people 
impacted by the process. Gather and analyze 
baseline data on the process to determine the 
current level of performance. Review the im-
provement statement and refine it if necessary.

Tools: Cause-and-effect  diagrams, 
WHY-WHY diagrams, control 
charts, Pareto charts, scatter 
diagrams, benchmarking, process 
maps, cost–benefit analysis

6.  Determine possible causes.
—  Perform root cause 

analysis
— Determine root cause

Identify problem area(s) in the process.
Gather information to verify root cause(s).
Review information and determine the root 
cause of the problem.

DO: How will we improve? 7.  Identify, select, and imple-
ment the solution.

Generate potential solutions to eliminate major 
root causes. Prioritize solutions. Choose the 
best solution. Identify driving and restraining 
forces. Develop action plan to implement solu-
tions. Define the changes to be made. Identify 
tasks and people responsible for completing 
them. Obtain buy-in from necessary people. 
Use change management strategies to imple-
ment change. Communicate change to cus-
tomers and stakeholders. Implement change. 
Monitor results.

Tools: Force-field analysis, 
management skills, cost–benefit 
analysis, control chart, process 
maps

stuDY: How will we know 
we have improved?

8. Evaluate the solution. Utilize measurement system to track improve-
ments. Continue to gather measurement data, 
study results, and determine if performance 
gaps have been closed or reduced. Determine 
if the improvement is working; if not, return to 
Step 1. Answer the question: How do we know 
it is working? Assess whether the improvement 
met the goals.

Tools: Control charts, Pareto 
charts, run charts, check sheets, 
surveys

aCt: How will we continu-
ously improve?

9. Ensure permanence. Document improvement. Develop and imple-
ment a strategy to make it permanent. Train 
employees. Standardize work practices. If ap-
propriate, implement the solution in other areas.

Tools: Surveys, run charts, Pareto 
charts, check sheets, audits, 
focus groups

10.  Continuous improvement. Systematize improvement. Share knowledge 
with others. Seek other areas for improvement.

table 4.1 process improvement Model
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occur? Why does the problem occur? This last may be dif-
ficult to uncover and is sometimes discovered only as the 
problem-solving efforts unfold. Problem statements do not 
address how. The search for a root cause is the goal of 
problem-solving. Developing a problem statement is cru-
cial to ensure that everyone is aware of what the problem 
is. Problem statements should never jump to a conclusion 
or a solution. Clearly written problem statements ensure 
that the right problem gets solved.

An excellent way for management to get directly 
involved in the problem-solving process is for management 
to select problem-solving teams, give direction as to the 
problems to be tackled, and provide the personnel and finan-
cial resources as well as the knowledge to solve the problem.

step 2. plan: Form an improvement team
Once a problem situation has been recognized and before 
the problem is attacked, an interdisciplinary problem-
solving or quality improvement team must be created. 
This team will be given the task of investigating, analyz-
ing, and finding a solution to the problem situation within 
a specified time frame. This problem-solving team consists 
of people who have knowledge of the process or problem 
under study. Generally, this team is composed of those 
closest to the problem, representatives of those affected by 
the change, as well as a few individuals from middle man-
agement with enough power to effect change. The team 
may consist of people from engineering, manufacturing, 
purchasing, sales, and/or design departments, perhaps even 
an outside vendor or a representative from the customer 
base. During the problem-solving process, the team can 
be supplemented on an as-needed basis with people who 
have expertise in the areas directly related to the problem 
solution. Upon the resolution of a project, the team will be 
disbanded or reorganized to deal with another problem.

Since a team is composed of a group of individuals 
who are united by a common goal, the best teamwork will 
occur when the individuals focus on the team’s objectives 
rather than personal motives. While working together, 
team members must understand and agree on the goals of 
the team. They must establish and adhere to team ground 
rules for behavior and performance expectations. To ensure 
harmony in the team, all members must participate and the 
responsibilities and duties must be fairly distributed. This 
means that each team member must understand what his/
her role is in the completion of the project. Knowledge 
of how internal or external constraints affect the project 
is also helpful. Team members must possess a variety of 
skills, including problem-solving skills, planning skills, 
facilitation and communication skills, and feedback and 
conflict management skills.

For teams to work, management must set clear goals 
that are aligned with the mission and strategic direction 
of the firm. When management sets the direction, the 
team is much more focused and tends not to get bogged 
down in the problem-selection process. The team must 
know the scope and boundaries that it must work within. 

Management must communicate how the team’s progress 
and performance will be measured. To be successful, teams 
need the appropriate skills in a supportive organizational 
culture and the authority to do the job that they have been 
asked to do. Management can do a lot to rid the team 
of the barriers that inhibit its performance. These barriers 
include inadequate release time, territorial behavior from 
involved functional areas, lack of training, inadequate 
support systems, lack of guidance or direction, and lack 
of recognition. Upper management’s sincere interest and 
support in the resolution of the problem is evidenced by 
their willingness to commit money and time for training 
in problem solving and facilitation. The teams will quickly 
become ineffective if the solutions they propose are consist-
ently turned down or ignored. Management support will 
be obvious in management’s visibility, diagnostic support, 
recognition, and limited interference.

Many different types of teams exist, including manage-
ment teams comprised of heads of departments to do stra-
tegic planning; cross-functional teams with representatives 
from a large variety of areas for the design or development 
of complex systems; self-directed work teams made up of 
employees grouped by complementary skills in order to 
carry out production processes; and project teams, which 
are often temporary groups of individuals from the appro-
priate functional areas with the necessary skills to work 
on a specific task.

Example 4.2 plastics and Dashes: steps 1 and 2.  
recognizing the problem and Forming an 
improvement Team
Plastics and Dashes Inc. (P&D) supplies instrument pan-
els and other plastic components for automobile manu-
facturers. Recently their largest customer informed them 
that there have been an excessive number of customer 
complaints and warranty claims concerning the P&D 
instrument panel. The warranty claims have amounted to 
over $200,000, including the cost of parts and labor. In 
response to this problem, P&D’s management has initi-
ated a corrective action request (Figure 4.4) and formed 
an improvement team to investigate. The steps they will 
take to solve this problem are detailed in the examples 
throughout this chapter. q➛

step 3. plan: Develop performance Measures
Measures of performance enable problem solvers to 
answer the question, How will we know the right changes 
have been made? Adding valid, reliable measures sig-
nificantly enhances the decision-making process. Useful 
measures or metrics provide information in a way that 
compares performance against a requirement. They must 
compare what actually happened with what was supposed 
to have happened (Figure 4.5). Measures help users rec-
ognize when decisions are needed and help guide actions 
to be taken.

Measures may be financial, customer-oriented, or 
pertinent to the internal workings of the organization. 
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Examples of financial measures are costs, return on invest-
ment, value added, and asset utilization. Financial measures 
usually focus on determining whether the changes made 
will enhance an organization’s financial performance. 
Companies use customer-oriented measures to determine 
whether their plans and strategies keep the existing cus-
tomers satisfied, bring in new customers, and encourage 
customers to return. These measures may include response 

times, delivery times, product or service functionality, 
price, quality, or other intangible factors. Measures perti-
nent to the internal workings of an organization concen-
trate on the internal business processes that are critical 
for achieving customer satisfaction. These measures focus 
on process improvement and productivity; employee and 
information system capabilities; and employee satisfac-
tion, retention, and productivity. They seek to provide the 

FigurE 4.4  Plastics and Dashes: Corrective Action Request Form, Example 4.2

CORRECTIVE/PREVENTIVE ACTION REQUEST

TO DEPARTMENT/VENDOR:

DATE:

FINDING/NONCONFORMITY:

ORIGINATOR:

DATE RESPONSE DUE:
DATE RESPONSE DUE:

ASSIGNED TO:
ASSIGNED TO:

IMMEDIATE CORRECTIVE ACTION:

ROOT CAUSE:

PREVENTIVE ACTION:

EFFECTIVE DATE:

ASSIGNEE

QUALITY ASSURANCE

COMMENTS/AUDIT/REVIEW: SATISFACTORY UNSATISFACTORY

ORIGINATOR

DATE DATE

DATEDATE

ASSIGNEE

NAME DATE

INSTRUMENT PANEL

8/31/2004 R. SMITH

CUSTOMER WARRANTY CLAIMS FOR INSTRUMENT PANEL 360ID ARE
EXCESSIVE FOR THE TIME PERIOD 1/1/04  8/1/04

APPARENT CAUSE:

R. SMITH 8/3/2004

CLAIMS ARE HIGH IN NUMBER AND CITE ELECTRICAL PROBLEMS AND
NOISE/LOOSE COMPONENTS

M. COOK
Q. SHEPHERD

10/1/04
10/1/04

REPLACE COMPONENTS AS NEEDED; REPLACE ENTIRE DASH AT NO COST TO CUSTOMER
IF NECESSARY
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answers to questions such as these: Do our employees have 
the right equipment or information to do their jobs well? 
Do they receive recognition and support? What are their 
skills and competencies? What will be needed in the future? 
Key business measures include revenue dollars, labor rates, 
fixed and variable unit costs, gross margin rates, operating 
margin rates, inventory costs, general and administrative 
expenses, cash flow, warranty costs, product liability costs, 
and cost avoidance. Once developed, measures should be 
used to develop cost–benefit scenarios to help sell improve-
ment recommendations to management. Figure 4.6 pro-
vides examples of typical measures of performance.

To be effective, measures should be well-crafted. In 
other words, measures should be SMART. The acronym 
SMART stands for Specific, Measurable, Assignable, Real-
istic, and Timely. Specific means that a measure needs to 
refer to a specific important issue. Measurable means that 

the measure can actually be counted or otherwise verified. 
Assignable refers to who will actually take, track, and uti-
lize the measure. Realistic means that the measure can be 
taken and used given the organization’s resources. Timely 
refers to the need to have a measure that is usable when the 
organization needs to use it. Creating smart measures will 
help an organization be selective about what data they col-
lect and use. Smart measures create a link between what an 
organization is doing and what its customers need.

Measures should not be created merely for measure-
ment’s sake. The number and type of measures should be 
limited to those most useful to management and the suc-
cess of the organization. Measures require gathering and 
analyzing data. Most organizations already have measures 
in place. Those measures need to be refined by asking ques-
tions: What does the organization need to know? What is 
important to our customers? What data are currently being 
gathered? How are the data being used? What measures 
currently exist? Are they useful? How does the organization 
use the information and measures already in existence? For 
any improvement project, care should be taken to avoid 
poorly defined measures. Effective managers ensure that 
measures are focused on the most important areas. Meas-
ures should add value to decision making and they should 
be actionable. The following example provides some insight 
into process measures.

Example 4.3 plastics and Dashes: instrument 
panel Warranty Measures of performance
The instrument panel warranty team has decided that they 
will need both customer and financial measures in order to 
know whether the changes being made are working.

Financial measure: Warranty costs for each type of 
warranty claim

Customer measure: Number of warranty claim types

process Metrics Organization Metrics

Quote Profitability, Shop Capability 
Match

Quote Win Rate > 25%

Job Release/Order Entry Routing Error %, Shop Capac-
ity Errors

On-Time Delivery > 95%

Purchasing Material Error %, # of Late 
Deliveries

On-Time Delivery > 95%

Job Traveler Flow # of Incorrect Job Travelers On-Time Delivery > 95%

Programming # of Programming Errors On-Time Delivery > 95%

Receiving Material Error %, # of Late 
Deliveries

On-Time Delivery > 95%

In Process Inspection # of Errors Found by Final 
Inspection

Customer Returns < 1%

Final Inspection # of Customer Returns Customer Returns < 1%

Shipping # of Damaged Shipments, # of 
Shipping Address Errors, # of 
Incorrect Paperwork

On-Time Delivery > 95%

FigurE 4.5  Useful Measures

FigurE 4.6  Examples of Measures of Performance

Number of repeat customers
Service time
Number of sales
Number of returned product
Count of reasons for return
Number of deviations from product/service specifications
Number of incorrect procedures
Number of warranty claims
Number of deviations from organizational policies
Number of childhood immunizations
Number of children receiving preventive dental care
Number of patients developing infections while in ICU
Rework amounts
Scrap amounts
Profit
Number of missed opportunities
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By tracking these measures of performance, they will 
know whether the changes made to their processes are 
effective. If they are, then both warranty claims and their 
costs will decrease. q➛
Example 4.4 Measures of performance
A copy center is considering replacing a copy machine. 
Here is their proposed action and the measures they intend 
to use to answer the following question: How do we know 
we have made the correct change?

Proposed Action: Replace copy machine 815 with 
copy machine 1215.

Why?

A. Copy machine 1215 can run a larger number of 
impressions faster than copy machine 815.

B. The copy center has or could quickly develop a 
profitable customer base with the larger machine.

 Measures of Performance: (How will we know A and B 
are true?)

1. Measure number of impressions made by existing 815 
machine.

2. Measure average time it takes to complete a copying 
job with 815 machine.

3. Measure customer copy job delays caused by 815 
performance (lead time).

4. Measure number of customers who must take job 
elsewhere to meet deadlines.

Compare these measures with the projected num-
ber of impressions and the average job time of the 1215 
machine. If the comparison is favorable, install the 1215 
machine.

After the installation of the 1215, how do we know 
whether it was a good idea?

Apply the four measures of performance to the 1215 
and compare. What is the result of this comparison? q➛

step 4. plan: Clearly Define the problem
Once established, the quality improvement team sets out to 
clearly define the problem and its scope. A clear problem 
definition will help the team focus. Defining the problem 
involves identifying customers, both internal and external, 
who are impacted by the problem or process. Following this, 
customer needs, wants, requirements, and expectations must 
be identified and prioritized. This is also the step where pro-
cesses providing what the customer needs, wants, requires, 
and expects are identified. Then clearer statement of the 
problem can be written. This problem statement should 
define the gap between what is and what should be. Several 
techniques exist to help team members determine the true 
nature of their problem. The most basic of these is the check 
sheet. From a check sheet, a Pareto chart can be created.

Technique: Check Sheets A check sheet is a datarecording 
device that is essentially a list of categories. As events occur 
in these categories, a check or mark is placed on the check 
sheet in the appropriate category. Given a list of items or 
events, the user of a check sheet marks down the number 
of times a particular event or item occurs. In essence, the 
user checks off occurrences. Check sheets are often used 
in conjunction with other quality assurance techniques. Be 
careful not to confuse a check sheet with a checklist. The 
latter lists all of the important steps or actions that need to 
take place, or things that need to be remembered.

Example 4.5 plastics and Dashes: check sheets
The problem-solving team at Plastics and Dashes has a 
great deal of instrument panel warranty information to sort 
through. To gain a better understanding of the situation, 
they have decided to investigate each warranty claim from 
the preceding six months. A check sheet has been chosen 
to record the types of claims and to determine how many 
of each type exists.

To create a check sheet, they first brainstormed a 
list of potential warranty problems. The categories they 

Management at JRPS recognizes that measures of performance 
help track improvement efforts. They see measures as a key 
part of the decision-making and problem-solving processes. In 
their organization, metrics or measures are used in a positive 
way, helping to focus efforts on key areas affecting customer 
satisfaction. Three key measures they use are:

Sales per month

Late jobs per month

Shipping dollars/total employee hours per month (productivity)

The results of these measures are plotted on the run charts 
shown in Figures 4.7, 4.8, and 4.9. Run charts will be introduced 
later in this chapter and also in Chapter 7.

Measures at Work at JRPS Real tOOlS for Real liFeq➛

FigurE 4.7  Sales per Month
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came up with include loose instrument panel components, 
noisy instrument panel components, electrical problems, 
improper installation of the instrument panel or its com-
ponents, inoperative instrument panel components, and 
warped instrument panel. The investigators will use the 
check sheet created from this list to record the types of 
warranty problems. As the investigators make their deter-
mination, a mark is made in the appropriate category of 
the check sheet (Figure 4.10). Once all the warranty infor-
mation has been reviewed, these sheets will be collected 
and turned over to the team to be tallied. The information 
from these sheets will help the team focus their problem-
solving efforts. q➛

Technique: Pareto Chart The Pareto chart is a graphi-
cal tool for ranking causes of problems from the most 
significant to the least significant. Dr. Juran popularized 
the Pareto principle for use in problem identification. 
First identified by Vilfredo Pareto, a 19th-century engi-
neer and economist, the Pareto principle, also known as 
the 80–20 rule, originally pointed out that the greatest 
portion of wealth in Italy was concentrated in a few fami-
lies. Dr. Juran, stating that 80 percent of problems come 
from 20 percent of causes, used Pareto’s work to encour-
age management to focus their improvement efforts on 
the 20 percent “vital few.” Pareto charts are a graphical 
display of the 80–20 rule. These charts are applicable 

q➛

FigurE 4.8  Late Jobs Year 1 versus Year 2

1/
6

1/
20 2/
3

2/
17 3/
2

3/
16

3/
30

4/
13

4/
27

5/
11

5/
25 6/
8

6/
22 7/
6

7/
20 8/
3

8/
17

8/
31

9/
14

9/
28

10
/1

2
10

/2
6

11
/9

11
/2

3
12

/7

0

10

Week ending

20

30

To
ta

l n
um

be
r 

of
 la

te
 jo

bs

40

50

Year 2

Year 1

60

FigurE 4.9  Shipping Dollars versus Total Hours
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to any problem that can be separated into categories of 
occurrences.

While the split is not always 80–20, the Pareto chart 
is a visual method of identifying which problems are most 
significant. Pareto charts allow users to separate the vital 
few problems from the trivial many. The use of Pareto 
charts also limits the tendency of people to focus on the 
most recent problems rather than on the most important 
problems.

A Pareto chart is constructed using the following 
steps:

1. Select the subject for the chart. This can be a particular 
product line exhibiting problems, or a department, or 
a process.

2. Determine what data need to be gathered. Determine if 
numbers, percentages, or costs are going to be tracked. 
Determine which nonconformities or defects will be 
tracked.

3. Gather data related to the quality problem. Be sure 
that the time period during which data will be gathered 
is established.

4. Use a check sheet to gather data. Record the total 
numbers in each category. Categories will be the types 
of defects or nonconformities.

5. Determine the total number of nonconformities and 
calculate the percent of the total in each category.

6. Determine the costs associated with the nonconformi-
ties or defects.

7. Select the scales for the chart. Y axis scales are typi-
cally the number of occurrences, number of defects, 
dollar loss per category, or percent. The x axis usually 
displays the categories of nonconformities, defects, or 
items of interest.

8. Draw a Pareto chart by organizing the data from the 
largest category to the smallest. Include all pertinent 
information on the chart.

9. Analyze the chart or charts. The largest bars represent 
the vital few problems. If there does not appear to be 
one or two major problems, recheck the categories to 
determine if another analysis is necessary.

Example 4.6 plastics and Dashes: constructing a 
pareto chart
At Plastics and Dashes, the team members working on the 
instrument panel warranty issue first discussed in Example 
4.2 have decided to begin their investigation by creating 
a Pareto chart.

step 1. Select the Subject for the Chart. The subject of the 
chart is instrument panel warranty claims.

step 2. Determine What Data Need to Be Gathered. The 
data to be used to create the chart are the different reasons 
customers have brought their cars in for instrument panel 
warranty work. Cost information on instrument panel 
warranty work is also available.

step 3. Gather the Data Related to the Quality Problem. The 
team has determined it is appropriate to use the warranty 
information for the preceding six months. Copies of warranty 
information have been distributed to the team.

step 4. Make a Check Sheet of the Gathered Data and 
Record the Total Numbers in Each Category. Based on the 
warranty information, the team has chosen the following 
categories for the xaxis of the chart: loose instrument panel 
components, noisy instrument panel components, electrical 
problems, improper installation of the instrument panel or 
its components, inoperative instrument panel components, 
and warped instrument panel (Figure 4.10).

step 5. Determine the Total Number of Nonconformities 
and Calculate the Percent of the Total in Each Category. 
From the six months of warranty information, they have the 
following number of occurrences for each category:

1. Loose instrument panel 
components

355 41.5%

2. Noisy instrument panel components 200 23.4%

3. Electrical problems 110 12.9%

4. Improper installation of the instru-
ment panel or its components

 80 9.4%

5. Inoperative instrument panel 
components

 65 7.6%

6. Warped instrument panel  45 5.2%

Warranty claims for instrument panels total 855.

FigurE 4.10  Plastics and Dashes: Warranty Panel Information Partially Completed 
Data-Recording Check Sheet, Example 4.5

Loose instrument panel components

Noisy instrument panel components

Electrical problems

Improper installation of the
    instrument panel or its components

Inoperative instrument panel components

Warped instrument panel

Other
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step 6. Determine the Costs Associated with the 
Nonconformities or Defects. The warranty claims also 
provided cost information associated with each category.

1. Loose instrument panel components $115,000

2. Noisy instrument panel components $25,000

3. Electrical problems $55,000

4. Improper installation of the instrument 
panel or its components

$10,000

5. Inoperative instrument panel components $5,000

6. Warped instrument panel $1,000

step 7. Select the Scales for the Chart. The team members 
have decided to create two Pareto charts, one for number 
of occurrences and the other for costs. On each chart, the 
xaxis will display the warranty claim categories. The y axis 
will be scaled appropriately to show all the data.

step 8. Draw a Pareto Chart by Organizing the Data from 
the Largest Category to the Smallest. The Pareto charts 
are shown in Figures 4.11 and 4.12. A Pareto chart for 
percentages could also be created.

step 9. Analyze the Charts. When analyzing the charts, it is 
easy to see that the most prevalent warranty claim is loose 
instrument panel components. It makes sense that loose 

FigurE 4.11  Plastics and Dashes: Instrument Panel Problems by 
 Warranty Claim Type
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FigurE 4.12  Plastics and Dashes: Costs of Instrument Panel Problems 
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components might also be noisy and the Pareto chart (Figure 
4.11) reflects this, noisy instrument panel components 
being the second most frequently occurring warranty claim. 
The second chart, in Figure 4.12, tells a slightly different 
story. The category “loose instrument panel components” 
has the highest costs; however, “electrical problems” has 
the second-highest costs.

At this point, although all the warranty claims are 
important, the Pareto chart has shown that efforts should 
be concentrated on investigating the causes of loose instru-
ment panel components. Solving this warranty claim would 
significantly affect warranty numbers and costs. q➛
Following initial investigation into a problem, a clearer 

statement of the problem can be written. Well-written 
problem statements define the gap between what is and 
what should be.

Example 4.7 Writing a clear problem statement 
for plastics and Dashes instrument panel Warranty 
issues
A problem statement should reflect the gap between the 
desired results and the actual situation. Based on what 
they have learned so far and using what they learned from 
their Pareto analysis of the warranty claims, Plastics and 
Dashes wrote the following problem statement:

Loose instrument panel components warranty claims 
must be reduced by 50 percent within the next two 
months. q➛

step 5. plan: Document and analyze the 
problem/process
In the previous step, the processes affecting the customer’s 
needs, wants, expectations, and requirements were identi-
fied. Once the processes have been identified, they must 
be documented and analyzed to establish a baseline of the 
current situation. This sounds like a lot to do, but it is 
critical work.

A company that jumps into problem solving without 
clearly defining the situation runs the risk of failing to solve 
the problem. Good problem identification combined with a 
baseline of process performance provides a solid foundation 
for problem solving. A baseline provides an answer to the 
question: How is the process currently performing? Without 
a good baseline, problem analysis may be a waste of time. 
In many organizations, very few people truly understand the 
myriad of activities in a process that it takes to create a prod-
uct or service. Process maps are powerful communication 
tools that provide a clear understanding of how business is 
conducted within the organization. Identifying and writing 
down the process in pictorial form helps people understand 
just how they do the work that they do. Process maps have 
the ability to accurately portray current operations and can 
be used to evaluate these operations. A process map also 
identifies the activities that have been added to the process 
over time in order to adapt older processes to changes in the 
business. Waste includes: defects, overproduction, waiting, 

transportation, inventory, extra motions, excess processing, 
and under-utilization of assets including employees. Once 
changes have been proposed, process maps are equally pow-
erful for communicating the proposed changes to the process.

Technique: Process Maps Process maps are known by 
many names including flowcharts, process flowcharts, and 
process flow diagrams. A process map is a graphical rep-
resentation of all the steps involved in an entire process or 
a particular segment of a process (Figure 4.17). Diagram-
ming the flow of a process or system aids in understand-
ing it. Flowcharting is effectively used in the first stages of 
problem solving because the charts enable those studying 
the process to quickly understand what is involved in a 
process from start to finish. Problem-solving team members 
can clearly see what is being done to a product or provided 
by a service at the various stages in a process. Process flow-
charts clarify the routines used to serve customers. Problem 
or non-value-added activities nested within a process are 
easily identified by using a flowchart.

Process maps are fairly straightforward to construct. 
The steps to creating such charts are the following:

1. Define the process boundaries. For the purpose of the 
chart, determine where the process begins and ends.

2. Define the process steps. Use brainstorming to iden-
tify the steps for new processes. For existing processes, 
actually observe the process in action. Describe each 
step precisely.

3. Sort the steps into the order of their occurrence in the 
process. Show related steps and how they merge. Add 
additional information as required.

4. Place the steps in appropriate flowchart symbols 
( Figure 4.18) and create the chart.

5. Analyze the chart by evaluating the steps for complete-
ness, efficiency, and possible problems such as non-
value-added activities. Begin by analyzing the flow and 
identifying waste in the existing process. Follow up 
with a plan detailing the improvements and changes 
necessary to create a more perfect process.

Because processes and systems are often complex, 
in the early stages of flowchart construction, removable 
3-by-5-inch sticky notes placed on a large piece of paper 
or board allow creators greater flexibility when creating 
and refining a flowchart. When the chart is complete, a 
final copy can be made utilizing the correct symbols. The 
symbols can either be placed next to the description of the 
step or they can surround the information.

A variation on the traditional process flowchart is 
the deployment flowchart. When a deployment flow-
chart is created, job or department titles are written 
across the top of the page and the activities of the process 
that occur in that job or department are written under-
neath that   heading (Figure 4.19). Flowcharts can also 
be constructed with pictures for easier understanding 
( Figure 4.20). q➛
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Auto manufacturers often purchase assemblies, subassemblies, 
components, and parts for automobiles from suppliers and sub-
suppliers. In this example, a sub-supplier makes servomotors for the 
HVAC system supplier. Servomotors activate each time you change 
the direction of airflow on the control panel of your car. Whenever 
you rotate the control to switch from floor to defrost or from vent 
to floor, etc., the servomotor kicks in to move the flaps inside the 
HVAC system so that the air comes out of the desired vent.

To maintain the quality of the servomotors, critical-to-quality 
aspects of production line activities are monitored using Pareto 
charts. In this situation, the casing of the servomotor is checked 
for mounting bracket straightness, mounting hole size, and casing 
condition. Process engineers have created a Pareto chart based on 
the following data:

Category Occurrences

Bent mounting bracket Casing 2

 Damaged 3

 Cracked 3

 Broken 10

 Scratched 6

Hole size

 Too big 30

 Too small 24

Figure 4.13 shows the Pareto chart constructed by placing the 
categories on the x axis and arranging the categories according to 
the number of occurrences from highest to lowest.

Hole size has emerged with the greatest number of occurrences, 
30 holes being too big and 24 holes too small. Based on this infor-
mation, the process engineers know to focus their process improve-
ment efforts on reducing hole size variation in order to allow their 
improvements to have the greatest positive impact on the process. 
Determining the root cause of the problem will allow them to take 
more effective countermeasures to eliminate the source of variation 
in the hole-drilling process. Investigations revealed that loose drill 
bit and jig loading were the primary sources of variation in the hole-
drilling process.

Steps were taken to replace the jigs in order to eliminate 
both problems. Operators received training in how to properly 
load a part into the jig. The new jig makes an audible click when 
the part is correctly seated in the jig. They also tested new drill 
designs to determine which style worked best and lasted the 
longest for the process. The test drills were run for 1,000 cycles 
to determine how long the chucks stayed in place until the drill 
bit loosened. The drills have also been placed on a preventive 
maintenance program that will keep them in good operating 
condition until they have worked too many cycles and need to be 
replaced.

A second Pareto chart (Figure 4.14), constructed following the 
installation of the new jigs and the use of the new drill, shows that 
hole size variation has been significantly reduced. In keeping with 
Deming’s philosophy of continuous improvement, the team has 
decided to study damage to the servomotor casing next.

Improving Servomotors Quality Using Pareto Charts Real tOOlS for Real liFeq➛

q➛

FigurE 4.13   Preliminary 
Pareto Chart for 
 Servomotors

FigurE 4.14  Real Tools 
for Real Life: Pareto 
Chart Following Process 
 Improvements
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For several months, JRPS had been delivering some of their 
customer orders late. On average, 35 orders were late per month 
(Figure 4.15a). In January, a team was formed to find ways to 
reduce the number of late orders. After much discussion and many 
meetings, the team proposed the following corrective actions to 
reduce late orders:

 j Start contract negotiations with suppliers earlier
 j Establish award fees and incentives
 j Establish term agreements with suppliers
 j Allow supplier to ship parts 30 days early
 j Add inventory buffer
 j Dedicate personnel to process returns
 j Add time to schedules
 j  Implement a “War Room” to monitor the status of late 

deliveries
 j Add shop floor status meetings
 j Implement additional expediting
 j Use dedicated resource teams

The team was congratulated for their effort and the recom-
mendations were implemented immediately. Three months later 
a follow-up review of late orders revealed that the implemented 
actions did not reduce the number of late orders; in fact, they actu-
ally increased to 55 late orders per month (Figure 4.15b). The con-
sistently high number of late deliveries has had a negative effect 
on sales.

One of the managers in the review meeting asked whether a root 
cause analysis had been conducted to determine reasons for the 
late orders. None of the team members remembered conducting 
any formal analysis of the situation. Another team was formed to 
conduct the analysis. The root cause analysis identified the follow-
ing reasons for late orders:

j Late tooling 1.4%
j Other 3.9%
j Machine breakdown 9.5%
j Repair 3.5%
j Scrap loss 4.4%
j Supplier performance 5.3%
j Bill of material errors 48.4%
j Late engineering or quoting 22.7%

This information was placed into a Pareto chart (Figure 4.16) and 
presented to management. It was immediately obvious why the 
original recommendations failed to produce any improvements. 
They weren’t dealing with the root cause of the problem: bill of 
materials errors and late engineering or quoting. Another team, 
comprised of people associated with sales, engineering, and bill of 
material creation was formed to develop solutions for these causes. 
Over time, they were able to locate the root cause of the problem 
and make changes that improved customer communication during 
the quoting process. Further improvements enabled better links 
between sales, the shop scheduler, and the production floor. The 
positive results of their efforts can be seen in Figure 4.15c.

Reducing Supplier Parts Shortages at JRPS Real tOOlS for Real liFeq➛

q➛

FigurE 4.15  Run 
Chart Showing Late 
Jobs
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FigurE 4.17  Compressor Line Part Flow
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Example 4.8 plastics and Dashes: understanding 
the process by creating a Flowchart
The instrument panel warranty team has decided to cre-
ate a flowchart of the instrument panel assembly process.

step 1. Define the process boundaries. Here the process 
begins with the raw material and ends with shipment of the 
finished product.

step 2. Define the Process Steps. First, the team members 
brainstormed the steps in the assembly process. They 
double-checked their steps by observing the actual process. 
They wrote down each step on 3 * 5 sticky notes.

step 3. Sort the Steps into the Order of their Occurrence in 
the Process. After reconciling their observations with their 

brainstorming efforts, the team sorted the steps into the 
order of their occurrence.

step 4. Place the Steps in Appropriate Flowchart Symbols. 
With the steps in the correct order, it was a simple task to 
add the appropriate flowchart symbols and create the chart 
(Figure 4.21).

step 5. Evaluate the Steps for Completeness, Efficiency, 
and Possible Problems. The team reviewed the finished 
chart for completeness. Several team members were 
unaware of the complete process. Because it creates a 
greater understanding of the process, this diagram will be 
helpful during later problem-solving efforts. q➛
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Technique: Value Stream Process Mapping Value stream 
process mapping builds on flowcharting by adding more 
information about the process. Like process mapping, 
value stream process mapping is a systematic technique 
used to study a process to identify ways of simplifying the 
process, system, or procedure. The focus is on eliminating 
waste and non-value-added activities. Improvements made 
based on the information provided by the value stream 
process map enables users to reduce costs, inventory, and 
lead times. These changes will result in improved quality 
and higher profits. Value stream maps are constructed in 
the same manner as process maps. Additional informa-
tion desired by those constructing the map is added using 
appropriate icons. Figure 4.24, a value stream process 
map, includes additional details such as process activities, 
operator self-inspection notes, and specifications.

In summary, a flowchart is a basic graphical represen-
tation of the process using symbols as process steps con-
nected with arrows to show relationships. Process mapping 

FigurE 4.18  Flowchart Symbols
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starts with a flowchart and adds details such as inputs and 
outputs related to each step in the process. Value stream 
process mapping adds details such as time for each step, 
delays between process steps, and any value-added or 
non-value-added details. During the flowcharting or value 
stream process mapping process, members of the problem-
solving team gain a greater understanding of their process. 
They will also begin to identify possible causes of problems 
within the process. It is now time to more clearly identify 
those possible causes and measure the process.

step 6. plan: Determine possible Causes
Having identified problem areas in the process, the team 
can now gather information to answer the question: What 
is the root cause of the problem? So far, effort has been 
centered on identifying the problem areas in the process. 

This information will be used to help determine the possi-
ble root causes of the problem. Several excellent techniques 
that can be used to determine causes are brainstorming, 
affinity diagrams, cause-and-effect diagrams, WHY-WHY 
diagrams, histograms, scatter diagrams, control charts, and 
run charts. The first four will be covered in this chapter. 
The others will be covered in detail in later chapters.

Technique: Brainstorming The purpose of brainstorming 
is to generate a list of problems, opportunities, or ideas 
from a group of people. Everyone present at the session 
should participate. The discussion leader must ensure that 
everyone is given an opportunity to comment and add 
ideas. Critical to brainstorming is that no arguing, no criti-
cism, no negativism, and no evaluation of the ideas, prob-
lems, or opportunities take place during the session. It is a 
session devoted purely to the generation of ideas.

FigurE 4.21  Plastics and Dashes: Glove Box Assembly Flowchart
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Distribution centers pick, pack, and ship orders in one of two 
methods: wave (also called batch) and discrete. The newly 
appointed head of CH Distributors has been studying the flow of 
the pick, pack, and shipment of orders. To optimize this flow, 
Mr. H. considers the questions: How many times does a picker 
visit a particular location or area? How many items are picked? 
How much space is taken up? To better understand the flow,  
Mr. H. has created the process map shown in Figure 4.22.

After creating the process map based on observing the workers 
doing their jobs, Mr. H. studied it. He was able to identify where 
delays were occurring, where workers were idle, and where backlogs 
were created. Based on the process map and his observations, he 
made the following changes.

Workers now pick orders in order of receipt, regardless of 
customer, eliminating specialized pickers for each customer. 
This change eliminated picker idle time, which occurred when 

Using a Process Map to Improve Work Flow and Increase Customer 
Satisfactionq➛

Real tOOlS for Real liFe

FigurE 4.22  Existing Process Flow Diagram
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no order for a particular customer existed. The change also 
balanced the workload among all of the pickers, eliminating 
bottlenecks.

Reorganized pack and ship areas. Previously spread 
throughout the entire distribution center, the pack and ship 
areas were combined into one layout. A 10-foot roller conveyor 
is used to move packages from the four packing stations to 
the two shipping stations. This change balanced the workload 
among packers and shippers. This change also allowed work-
ers to interface more easily, enabling them to share process 
improvement ideas.

Reorganized the distribution center. The Pareto chart pro-
vided information concerning the number of customer orders 
generated by a particular customer. The distribution center 
was reorganized to place high-volume customers in close 

proximity with the pack and ship area. This change eliminated 
considerable walking and searching on the part of the pickers.

Cross-trained pickers, packers, and shippers. During peak 
times, all workers pick until queues have been generated 
at either the packing stations or the shipping stations. This 
change balanced the workload among all workers.

Moved the packaging of the order to the packing respon-
sibility. This eliminated the bottleneck that occurred at the 
shipping station, while balancing the workload between the 
packers and shippers more effectively.

Allow packers to select optimum box size. Since shipping 
cost is based on the size of the box, this often results in ship-
ping savings for the customer.

Figure 4.23 shows the new process flow map.

FigurE 4.23  Revised Process Flow Diagram
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The length of time allotted to brainstorming varies; 
sessions may last from 10 to 45 minutes. Some team lead-
ers deliberately keep the meetings short to limit opportuni-
ties to begin problem solving. A session ends when no more 
items are brought up. The result of the session will be a list 
of ideas, problems, or opportunities to be tackled. After 
being listed, the items are sorted and ranked by category, 
importance, priority, benefit, cost, impact, time, or other 
considerations.

Example 4.9 plastics and Dashes: Brainstorming
The team at Plastics and Dashes Inc. conducted a further 
study of the causes of loose instrument panel components. 
Their investigation revealed that the glove box in the instru-
ment panel was the main problem area (Figure 4.25). They 
were led to this conclusion when further study of the war-
ranty data allowed them to create the Pareto chart shown 
in Figure 4.26. This figure displays problems related spe-
cifically to the glove box.

To better understand why the glove box might be 
loose, the team assembled to brainstorm the variables 
associated with the glove box.

 JERRY: I think you all know why we are here today. 
Did you all get the opportunity to review the glove 
box information? Good. Well, let’s get started by 
concentrating on the relationship between the glove box 
and the instrument panel. I’ll list the ideas on the board 
here, while you folks call them out. Remember, we are 
not here to evaluate ideas. We’ll do that next.

 SAM: How about the tightness of the latch?

 FRANK: Of course the tightness of the latch will affect 
the fit between the glove box and the instrument panel! 
Tell us something we don’t know.

 JERRY: Frank, have you forgotten the rules of a brain-
storming session? No criticizing. Sam, can you expand 
on your concept?

 SAM: I was thinking that the positioning of the latch 
as well as the positioning of the hinge would affect the 
tightness of the latch.

 JERRY: Okay. (Writes on board.) Tightness of Latch, 
Positioning of Latch, Positioning of Hinge. Any other ideas?

 SUE: What about the strength of the hinge?

 JERRY: (Writes on board.) Strength of Hinge.

 SHARON: What about the glove box handle strength?

 FRANK: And the glove box handle positioning?

 JERRY: (Writes on board.) Glove Box Handle Strength. 
Glove Box Handle Positioning.

 The session continues until a variety of ideas have been 
generated (Figure 4.27). After no more ideas surface at 
this or subsequent meetings, discussion and clarification 
of the ideas can commence. q➛

Technique: Affinity Diagrams Created by Kawakita Jiro, 
an affinity diagram helps organize the output of brain-
storming session. This type of diagram works well when 
a team is working through a complex problem involving 
a large amount of information. It is best used when the 
issue being discussed is complex or hard to understand. 
The diagram also helps add organization to a problem 
that is disorganized or overwhelming. Using the diagram 
encourages greater team participation. Create the diagram 
by using the following steps:

1. State the issue or problem.
2. Brainstorm and record ideas on 3-by-5-inch cards or 

sticky notes. This step may be done together as a team, 
or separately. Participants may make their comments 
out loud or write them down silently.

3. Arrange the cards or sticky notes into piles according 
to similar topics.

4. Name the piles by studying their contents and develop-
ing a summary statement of the contents of the pile.

5. Create the affinity diagram (Figure 4.28).
6. Discuss the diagram, the summarized topics, and how 

they relate to the problem. Draw conclusions from the 
information that solve the problem or provide further 
areas to investigate.

JRPS has been investigating the process of returning defective raw 
material to suppliers. In the original process it took 175 hours, 
nearly four weeks, for defective raw material to be returned to a 
supplier. There were 14 steps to complete, none of which ran in 
parallel.

A team comprised of engineers, purchasing agents, and ship-
pers mapped the process and studied it to locate non-value-added 
activities. During four weeks of meetings, the team developed 
a new process. These improvements reduced the time from 
175 hours to 69 hours. The new process included nine steps, two 
running in parallel (being completed at the same time).

When the team presented their proposed process changes to 
upper management, the managers asked the team to begin the 
exercise again, starting with a clean slate, keeping only what 

absolutely had to take place to get the job done. The team was 
given one hour to report their new process. The new process, 
developed in one hour, has four steps and takes one hour to com-
plete. This process was achieved by eliminating the remaining 
non-value-added steps and empowering the workers to make key 
decisions.

Though they were able to develop a new, simplified process 
map for the defective raw material return process, while in their 
meeting it dawned on the team members that, in the big scheme of 
things, why were they allowing defective raw material at all?

The team members learned two things from this experi-
ence: It doesn’t pay to spend time fixing a badly broken process 
and  sometimes the reason for the process needs to be  
eliminated.

Using Process Maps Wisely at JRPS Real tOOlS for Real liFeq➛

q➛
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FigurE 4.25  Plastics and Dashes: Glove Box
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Related to the Glove Box Latch

Broken Misadjusted Binds

Problems

Inoperative Loose

C
as

es

0

100

200

300

400

500

600

Technique: Cause-and-Effect Diagrams Another excellent 
method of determining root causes is the cause-and-effect  
diagram. The cause-and-effect diagram is also called the 
Ishikawa diagram after Kaoru Ishikawa, who developed it, 
and the fishbone diagram because the completed diagram 
resembles a fish skeleton (Figure 4.29). A chart of this type 
will help identify causes for nonconforming or defective 

products or services. Cause-and-effect diagrams can be used 
in conjunction with flowcharts and Pareto charts to iden-
tify the cause(s) of the problem.

This chart is useful in a brainstorming session because 
it organizes the ideas that are presented. Problem solvers 
benefit from using the chart by being able to separate a 
large problem into manageable parts. It serves as a visual 
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Positioning of the Glove Box
Strength of the Glove Box
Tightness of the Latch
Positioning of the Latch
Strength of the Latch
Positioning of the Hinge
Strength of the Hinge
Glove Box Handle Strength
Glove Box Handle Positioning
Glove Box Construction Materials

FigurE 4.27  Variables Associated with the Glove Box

FigurE 4.28  Plastics and Dashes: Affinity Diagram
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display to aid the understanding of problems and their 
causes. The problem or effect is clearly identified on the 
right-hand side of the chart, and the potential causes of 
the problem are organized on the left-hand side. The cause-
and-effect diagram also allows the session leader to logi-
cally organize the possible causes of the problem and to 
focus on one area at a time. Not only does the chart permit 
the display of causes of the problem, it also shows subcat-
egories related to those causes.

FigurE 4.29  A Cause-and-Effect Diagram for Medical Supply Cart Usage
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To construct a cause-and-effect diagram:

1. Clearly identify the effect or the problem. The suc-
cinctly stated effect or problem statement is placed in 
a box at the end of a line.

2. Identify the causes. Discussion ensues concerning the 
potential causes of the problem. To guide the discus-
sion, attack just one possible cause area at a time. 
General topic areas are usually methods, materials, 
machines, people, environment, and information, 
although other areas can be added as needed. Under 
each major area, subcauses related to the major cause 
should be identified. Brainstorming is the usual method 
for identifying these causes.

3. Build the diagram. Organize the causes and subcauses 
in diagram format.

4. Analyze the diagram. At this point, solutions will need 
to be identified. Decisions will also need to be made 
concerning the cost-effectiveness of the solution as well 
as its feasibility.

Example 4.10 plastics and Dashes: constructing 
a cause-and-Effect Diagram
As the Plastics and Dashes Inc. instrument panel warranty 
team continued its investigation, it was determined that 
defective latches were causing most of the warranty claims 
associated with the categories of loose instrument panel 
components and noise.

step 1. Identify the Effect or Problem. The team identified 
the problem as defective latches.

step 2. Identify the Causes. Rather than use the traditional 
methods, materials, machines, people, environment, and 
information, this team felt that the potential areas to search 
for causes related directly to the latch. For that reason, they 
chose these potential causes: broken, misadjusted, binds, 
inoperative, loose.

step 3. Build the Diagram. The team brainstormed root 
causes for each category (Figure 4.30).

step 4. Analyze the Diagram. The team discussed and 
analyzed the diagram. After much discussion, they came 
to the following conclusions. Latches that were broken, 
misadjusted, or inoperable or those that bind have two 
root causes in common: improper alignment and improper 
positioning. Latches that were loose or broken had a root 
cause of low material strength (those materials supporting 
the latch were low in strength). From their findings, the team 
determined that there were three root causes associated 
with defective latches: improper alignment, improper 
positioning, and low material strength. q➛
Example 4.11 constructing a cause-and-Effect 
Diagram
At a furniture-manufacturing facility, the upholstery 
department is having trouble with pattern alignment. They 
have decided to use a cause-and-effect diagram to help 
them determine the root causes of pattern misalignment.

FigurE 4.30  Plastics and Dashes: Cause-and-Effect Diagram
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step 1. Clearly Identify the Effect or Problem. The 
upholstery department team identified the problem as an 
incorrectly aligned fabric pattern.

step 2. Identify the Causes. The team, representatives 
from all of the areas affected by pattern misalignment, 
brainstormed to identify the causes of pattern misalignment. 
To guide the discussion, they attacked just one possible 
cause at a time, starting with methods, materials, machines, 
people, and environment and ending with information. 
Under each major area, subcauses related to the major 
cause were identified.

step 3. Build the Diagram. During the brainstorming 
process, the diagram emerged (Figure 4.31).

step 4. Analyze the Diagram. At this point, solutions 
need to be identified to eliminate the causes of 
misalignment. Decisions also need to be made concerning 
the cost-effectiveness of the solutions as well as their  
feasibility. q➛

Technique: WHY-WHY Diagram An excellent technique 
for finding the root cause(s) of a problem is to ask “Why” 
five times. WHY-WHY diagrams organize the thinking of 
a problem-solving group and illustrate a chain of symp-
toms leading to the true cause of a problem. By asking 
“why” five times, the problem solvers are stripping away 
the symptoms surrounding the problem and getting to the 
true cause of the problem. At the end of a session it should 
be possible to make a positively worded, straightforward 
statement defining the true problem to be investigated.

Developed by group consensus, the WHY-WHY 
diagram flows from left to right. The diagram starts on 
the left with a statement of the problem to be resolved. 
Then the group is asked why this problem might exist. 

The responses will be statements of causes that the group 
believes contribute to the problem under discussion. 
There may be only one cause or there may be several. 
Causes can be separate or interrelated. Regardless of the 
number of causes or their relationships, the causes should 
be written on the diagram in a single, clear statement. 
“Why” statements should be supported by facts as much 
as possible and not by hearsay or unfounded opinions. 
Figure 4.32 shows a WHY-WHY diagram the Plastics and 
Dashes problem-solving team completed for the instru-
ment panel warranty costs. As they created the diagram, 
the focus on why a problem exists helped them discover 
the root cause.

This investigation is continued through as many lev-
els as needed until a root cause is found for each of the 
problem statements, original or developed during the dis-
cussions. Frequently five levels of “why” are needed to 
determine the root cause. In the end, this process leads to 
a network of reasons the original problems occurred. The 
ending points indicate areas that need to be addressed to 
resolve the original problem. These become the actions the 
company must take to address the situation. WHY-WHY 
diagrams can be expanded to include notations concern-
ing who will be responsible for action items and when the 
actions will be completed.

The WHY-WHY process is not meant to locate solu-
tions; it is used primarily to identify the root causes of 
problems. Care should be taken not to propose solutions 
to the problem yet. Not enough is known about the prob-
lem to create a truly workable solution. Solutions enacted 
at this point may be shortsighted and might not include 
answers for the complexities involved in the problem. The 
problem analysis stage needs to come next, before any 
solutions are proposed.

FigurE 4.31  Cause-and-Effect Diagram for Example 4.11
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Cause-and-effect and WHY-WHY diagrams allow us 
to isolate potential causes of problems. Once identified, 
these causes need to be investigated by measuring and 
organizing the data associated with the process. Measuring 
the process will help refine the investigators’ understand-
ing of the problem and help sort out relevant from non-
relevant information. It will also help individuals involved 
with the problem maintain objectivity. Measuring can be 
done through the use of histograms, scatter diagrams, con-
trol charts, and run charts.

Technique: Histograms A histogram is a graphical sum-
mary of the frequency distribution of the data. When meas-
urements are taken from a process, they can be summarized 
by using a histogram. Data are organized in a histogram to 
allow those investigating the process to see any patterns in 
the data that would be difficult to see in a simple table of 
numbers. The data are separated into classes in the histo-
gram. Each interval on a histogram shows the total number 
of observations made in each separate class. Histograms 
display the variation present in a set of data taken from 
a process (Figure 4.33). Histograms are covered in more 
detail in Chapter 4.

FigurE 4.33  A Histogram
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Technique: Scatter Diagrams The scatter diagram is a 
graphical technique that is used to analyze the relationship 
between two different variables. Two sets of data are plot-
ted on a graph. The independent variable—i.e., the variable 
that can be manipulated—is recorded on the x axis. The 
dependent variable, the one being predicted, is displayed 
on the y axis. From this diagram, the user can determine if 
a connection or relationship exists between the two vari-
ables being compared. If a relationship exists, then steps 
can be taken to identify process changes that affect the 
relationship. Figure 4.34 shows different interpretations 
of scatter diagrams.

To construct a scatter diagram, use these steps:

1. Select the characteristic, the independent variable, you 
wish to study.

2. Select the characteristic, the dependent variable, that 
you suspect affects the independent variable.

3. Gather the data about the two characteristics.
4. Draw, scale, and label the horizontal and vertical axes. 

Place the independent variable on the x axis and the 
dependent variable on the y axis.

5. Plot the points.
6. Interpret the scatter diagram to see if there is a rela-

tionship between the two characteristics.

Example 4.12 creating a scatter Diagram
Shirley is the setup operator in the shrink-wrap area. In 
this area, 5-ft-by-5-ft cartons of parts are sealed with 
several layers of plastic wrap before being loaded on the 
trucks for shipment. Shirley’s job is to load the plastic 
used in the shrink-wrapping operation onto the shrink-wrap 
machine, set the speed at which the unit will rotate, and 
set the tension level on the shrink-wrap feeder. To under-
stand the relationship between the tension level on the 
feeder and the speed of the rotating mechanism, Shirley 
has created a scatter diagram.

The rotator speed is most easily controlled, so she has 
placed the most typically used speed settings (in rpm) on 
the x axis. On the y axis, she places the number of tears 
(Figure 4.35).

FigurE 4.34  Scatter Diagram Interpretations

Positive
correlation

Negative
correlation

No
correlation

Positive
correlation
may exist
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The diagram reveals a positive correlation: As the 
speed increases, the number of tears increases. From this 
information, Shirley now knows that the tension has to 
be reduced to prevent the wrap from tearing. Using the 
diagram, Shirley is able to determine the optimal speed 
for the rotor and the best tension setting. q➛

Technique: Control Charts A control chart is a statisti-
cal chart that tracks data over time and provides informa-
tion about process centering and process variation. It has 
upper and lower control limits that are based on statistical 
calculations (Figure 4.38). It is used to determine process 
centering and process variation and to locate any unusual 
patterns or trends in the data. Control charts are covered 
in more detail in Chapters 5, 6, 7, and 9.

Technique: Run Charts Run charts are similar to con-
trol charts. A run chart displays sequential observed data 
over time. Time values are reflected on the x axis. The 
y axis records the data being measured. The run chart is 
very good at reflecting trends in the measurements over FigurE 4.35  The Scatter Diagram for Example 4.12
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When shown the Pareto chart in Figure 4.16, employees wanted 
more information about the interaction between late orders and the 
highest three categories (bill of material errors, late engineering, 
machine breakdown). Two scatter diagrams were created to 
determine how bill of material errors affect late orders. Figure  4.36 

shows that there is a very strong relationship. The greater the number 
of errors on the bill of material, the later the order. As Figure 4.37 
shows, there is no relationship between machine breakdowns and 
late orders. From these figures, it is apparent that getting the right 
information up front is key to getting orders out the door on time.

Using Scatter Diagrams at JRPS Real tOOlS for Real liFeq➛

q➛

FigurE 4.36  Bill of Material Errors 
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show how the changes affected the process. If the changes 
were effective, the count of problems will decrease. q➛

DO

step 7. Do: identify, select, and implement 
the solution
The techniques described in the previous section help us 
answer the question: What is the root cause of the prob-
lem? By applying problem-solving techniques, the root 
cause of the problem can be identified. Once the cause 
has been identified, it is time to do something about the 
problem by answering the question: How will we improve? 
This begins the Do section of the PDSA cycle. In this sec-
tion, solutions are identified and a plan of action is devel-
oped and implemented. This is the portion of the cycle 
that attracts everyone’s attention. So great is the desire to 
do something that many problem solvers are tempted to 

FigurE 4.38  A Control Chart, Showing Center-
line, Upper Control Limits, and Lower Control 
Limits
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time. Normally, one measurement is taken at a time and 
graphed on the chart. The y axis shows the magnitude of 
that measurement. 

Example 4.13 plastics and Dashes creates a run 
chart
Because of the recurring problems with dashboards, 
100 percent inspection has been initiated temporarily at 
the dashboard assembly work area. A run chart is used to 
track the number of in-process failures found. Any and all 
types of instrument panel problems are recorded on this 
chart. Figure 4.39 shows the count of problems found on 
a weekly basis for the past 11 weeks. Cars experiencing 
instrument panel problems are taken off the line for repair. 
When process changes are made, this chart can be used to 

FigurE 4.39  A Run Chart
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This example, as well as the questions and case study at the end 
of the chapter, encourage you to think about quality from the 
viewpoints of customers and providers of products and services.

Scheduled air carriers handle about two million pieces of lug-
gage each day. That’s a lot of luggage to keep track of, and unfortu-
nately sometimes the passenger and the bag don’t end up going to 
the same place at the same time. Each day, approximately one-half 
of 1 percent (10,000) of the two million bags are mishandled. A 
mishandled bag either doesn’t arrive with the passenger or it is 
damaged while en route. Each day, 100 unlucky travelers learn that 
their bags have been irretrievably lost or stolen. As late as 2007, 
on domestic flights airlines were liable for only $3,000 of the 
cost of lost, damaged, or delayed luggage. International travelers 
received $9.07 per pound of checked luggage. Passenger reports of 
lost, damaged, or delayed baggage on domestic flights has stead-
ily decreased (Figure 40). What would be your definition of quality 
for this example? One hundred percent of the bags arriving with 
their passengers? Is one-half of 1 percent (99.5 percent good) an 
acceptable level of quality? What about the enormous amount of 
luggage being handled each day? Two million bags versus 10,000 
bags mishandled? Seven hundred thirty million bags correctly han-
dled annually versus 36,500 bags irretrievably lost or stolen? Do we 
hold other industries to such a high performance level? Do you turn 
in perfect term papers?

Can you identify the customers in this example? Are they the 
passengers or the airlines (as represented by the baggage handlers, 
the check-in clerks, and the lost-luggage finders)? What are their 
needs, requirements, and expectations? To do a quality job in the 
eyes of passengers—i.e., To get the luggage to the right place at 
the right time—the airlines must label bags correctly, bar code 
them to ensure efficient handling, employ trained baggage handlers 
and clerks, and determine ways to reduce the number of mishan-
dled bags. Passengers also play a role in the overall quality of the 
system. At a minimum, passengers must label bags clearly and 
correctly. Passengers must arrive in ample time before the flight 
and not overfill their suitcases so the suitcases do not unexpectedly 
open while being handled.

How will a customer recognize quality? Feigenbaum’s definition 
of quality stresses that quality is a customer determination based 
on the customer’s actual experience with the product or service 
and measured against his or her requirements. Different people will 
see this example differently. An individual about to make a very 
important presentation without needed clothing that was lost with 
a suitcase will be very angry. A traveler who receives his or her bag-
gage on the next flight with only a small delay may be annoyed but 
minimally inconvenienced.

There are many aspects to quality. In this text, we explore tech-
niques that enable us to improve the way we do business.

Tying It All Together Real tOOlS for Real liFeq➛
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reduce the amount of time spent on planning to virtually 
nothing. The temptation to immediately propose solutions 
must be ignored. The best solutions are those that solve 
the true problem. They are found only after the root cause 
of that problem has been identified. The most significant 
portion of the problem-solving effort must be concentrated 
in the Plan phase.

At the other end of the spectrum are solutions that 
never get done. Implementation takes time and often peo-
ple find innumerable reasons why the ideas won’t work 
or shouldn’t be implemented. Good management means 
good follow-through. Managers should make sure there 
is widespread active involvement in the implementation 
of solutions.

During this step in the problem-solving process, the 
team identifies solutions, develops action plans, and imple-
ments the solution. Potential solutions are generated and 
the one most likely to eliminate the major root cause(s) 
is selected. The changes that need to be made are defined 
and people are identified to carry out the task of making 
the changes. As the solution is implemented, the team and 
management monitor the change process to ensure that the 
solution is implemented.

Example 4.14 an incomplete picture
Tensions are high at PL Industries. Several departments 
have been reprimanded for low customer satisfaction rat-
ings. The catalog department, in particular, has been 
under a lot of pressure to improve customer service on 
their toll-free service lines. Customers are complaining 
loudly about the amount of time they are kept waiting on 
hold for the next available operator. The catalog depart-
ment’s defense that they are doing the best they can has 
failed to impress upper management. To do something, 

management recently replaced the catalog department 
manager.

The new manager, who has training in statistics, 
offered no excuses for her new department’s poor perfor-
mance, asking only for time to study the situation. Within 
a few weeks’ time, she returned to upper management 
with information concerning toll-free-number users. Using 
a check sheet, she gathered data and created the Pareto 
chart in Figure 4.41.The chart shows that a significant 
number of the calls received on the toll-free line actually 
have nothing to do with the catalog department and must 
be transferred to other departments. An equally significant 
number of calls to the toll-free number are due to billing 
statement questions, which are not the responsibility of 
the catalog department.

By the conclusion of the meeting, statistical infor-
mation has allowed PL Industries’ upper management to 
develop a clearer understanding of the true nature of the 
problem. In the future, their focus will be on determining 
how to create a better billing statement as well as determin-
ing which departments should also have a toll-free number.

How will they know their efforts have been successful? 
Measures of performance allow investigators to close the 
loop and determine the effects of their changes. Look at 
Figure 4.42, which provides information about the toll-free 
number six months after the service had been expanded 
to include numbers for customer service, the stores, and 
the billing department. Notice the dramatic reduction in 
customer wait times with no additional catalog department 
staff. It is also important to notice that due to the sig-
nificantly reduced wait time, the number of calls handled 
nearly doubled; however, the cost of operating all the toll-
free numbers increased by only a little more than $1,500.
 q➛
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It is important to recognize that applying these tech-
niques does not mean that taking care of the immediate 
problem should be ignored. Immediate action should be 
taken to rectify any situation that does not meet the cus-
tomer’s reasonable needs, requirements, and expectations. 
These quick fixes are just that, a quick fix of a problem 
for the short term; they simply allow time for a long-term 
solution to be found. In no situation should a quick fix be 
considered the end of a problem. Problems are solved only 
when recurrences do not happen.

Selecting and implementing the solution is a matter of 
the project team’s choosing the best solution for the prob-
lem under examination. The solution should be judged 
against four general criteria:

1. The solution should be chosen on the basis of its 
potential to prevent a recurrence of the problem. A 
quick or short-term fix to a problem will only mean 
that time will be wasted in solving this problem again 
when it recurs in the future.

2. The solution should address the root cause of the prob-
lem. A quick or short-term fix that focuses on correct-
ing the symptoms of a problem will waste time because 
the problem will recur in the future.

3. The solution should be cost-effective. The most expen-
sive solution is not necessarily the best solution for 
the company’s interests. Solutions may necessitate 
determining the company’s future plans for a particu-
lar process or product. Major changes to the process, 
system, or equipment may not be an appropriate solu-
tion for a process or product that will be discontinued 
in the near future. Technological advances will need 
to be investigated to determine if they are the most 
cost-effective solutions.

4. The solution should be capable of being implemented 
within a reasonable amount of time. A timely solution 
to the problem is necessary to relieve the company of 
the burden of monitoring the current problem and its 
associated quick fixes.

Example 4.15 plastics and Dashes: glove Box 
solutions
Because the team was able to identify the root causes of the 
glove box latch problem as improper alignment, improper 
positioning, and low material strength, they decided to 
make the following changes part of their solution:

1. Redesign the glove box latch. This solution was chosen 
to counteract low material strength.

2. Reposition the glove box door, striker, and hinge. This 
solution was chosen to counteract improper positioning 
and alignment. They also hoped this change would 
eliminate potential squeaks and rattles.

3. Reinforce the glove box latch. This solution was chosen 
to counteract breakage. By increasing the material at 
the latch position on the glove box door, they hoped to 
eliminate breakage. They also decided to use a stronger 
adhesive to reinforce the rivets securing the latch to  
the door. q➛

FigurE 4.41  Toll-Free Number Calls to Catalog Department, June
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FigurE 4.42  Toll-Free Number: June versus November
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Implementing the solution is often done by members of 
the problem-solving team. Critical to ensuring the success 
of the solution implementation is assigning responsibilities 
to specific individuals and holding them accountable for 
accomplishing the task. Knowing who will be doing what 
and when will help ensure that the project stays on track.

Sometimes implementing solutions is complicated by a 
variety of factors, including conflicting departmental needs, 
costs, or priorities. Using a force-field analysis can help iden-
tify the issues affecting the implementation of a solution.

Technique: Force-Field Analysis Conducting a force-
field analysis enables users to clearly separate the driv-
ing forces from the restraining forces associated with a 
complex issue. These easy-to-develop charts help a team 
determine the positive or driving forces that are encourag-
ing improvement of the process as well as the forces that 
restrain improvement. Teams may also choose to use force-
field analysis as a source of discussion issues surrounding 
a particular problem or opportunity. Once the driving and 
restraining forces have been identified, the team can discuss 
how to enhance the driving forces and remove the restrain-
ing forces. This sort of brain-storming leads to potential 
solutions to be investigated.

Example 4.16 using Force-Field analysis
At a local bank, a team has gathered to discuss meeting 
the customers’ demands for improved teller window service. 
One of the major customer desires, as revealed by a survey, 
is to have more teller windows open at 9 a.m. So far the 
meeting has been a less-than-organized discussion of why 
more tellers are not at their windows at 9. To remove some 
of the finger-pointing and blame-laying, the leader has 
decided to use force-field analysis to focus the discussion.

By brainstorming, the team members identified the 
following as driving forces:

1. Improving customer service by having more windows 
open

2. Creating shorter lines for customers by serving more 
customers at one time

3. Relieving the stress of morning teller activities

Notice that the team has identified both internal (less 
stress) and external (happier customers) factors as the 
driving forces behind wanting to solve this problem.

The discussion of restraining forces is much more 
heated. Management has been unaware of the number of 
activities that need to be completed before opening the 
teller windows at 9 a.m. Slowly, over time, the amount 
of paperwork and number of extra duties have increased. 
Since this change has been gradual, it has gone unnoticed 
by all but the tellers. They accept it as part of their job 
but are under considerable stress to complete the nec-
essary work by 9 a.m., given that their workday starts at 
8:30 a.m. The restraining forces identified by the tellers 
are the following:

1. Money must be ready for Brinks pickup by 9 a.m.
2. Audit department needs balance sheet by 9 a.m.
3. Balance sheet is complicated, cumbersome, and 

inadequate.
4. Comptroller needs petty cash sheets, payroll, and other 

general ledger information.
5. Day begins at 8:30 a.m.

Table 4.2 presents the completed force-field analysis. 
A variety of suggestions are given to remove the restraining 
forces, including changing the starting and ending times 
of the day, adding more people, and telling the audit and 
comptroller departments to wait until later in the day.

Since it isn’t economically feasible to add more peo-
ple or increase the work hours, emphasis is now placed on 
asking the audit and comptroller departments what their 
needs are. Interestingly enough, while the bank has sur-
veyed their external customers, they have not investigated 
the needs of the people working within the bank. In the 
discussions that followed with the audit’s and comptrol-
ler’s offices, it was determined that only the balance sheet 
has to be completed by 9 a.m. The other paperwork can be 
received as late as 11 a.m. and not affect the performance 
of the other departments. This two-hour time space will 
allow the tellers to open their windows at 9 for the morning 
rush and still complete the paperwork for the comptroller’s 
office before 11. Having achieved a successful conclusion 

Driving Forces restraining Forces

1.  Improving customer service by having more windows 
open

2.  Creating shorter lines for customers by serving more 
customers at one time

3.  Relieving the stress of morning teller activities

1. Money must be ready for Brinks pickup.
2. Audit department needs balance sheet by 9 a.m.
3.  Balance sheet is complicated, cumbersome, and 

inadequate.
4.  Comptroller needs petty cash sheets, payroll, and 

other general ledger information.
5.  Day begins at 8:30 a.m.

actions

1. Change the starting and ending times of the day.
2. Add more tellers.
3. Tell the audit and comptroller departments to wait until later in the day.

table 4.2 Force-Field analysis: open all Teller Windows at 9 a.m.
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to the project, the team decided to work on reducing the 
complexity of the balance sheet as its next problem-solving 
activity. Perhaps a simpler balance sheet could reduce 
stress even more. q➛

StUDy

step 8. study: evaluate the solution
Once implemented and given time to operate, problem-
solving actions are checked to see if the problem has truly 
been solved. During the Study stage we study the results 
and ask: Is the solution we’ve chosen working? What 
did we learn? To determine if the solution has worked, 
the measures of performance created in Step 3 should be 
utilized to track the improvements. Now is the time to 
answer the question: How do we know we have improved? 
Prior data collected during the analysis phase of the pro-
ject should be compared with present data taken from the 
process. Control charts, histograms, and run charts can 
be used to monitor the process, both before and after. If 
these formats were used in the original problem analysis, 
a direct comparison can be made to determine how well 
the solution is performing. Remember, the measures of per-
formance will show whether the gaps between the desired 
performance level and the previous performance level have 
been closed satisfactorily. It is important to determine 
whether the proposed solution is actually correcting the 
root cause of the problem. If the solution is not correcting 
the problem, then the PDSA process should begin again to 
determine a better solution.

Example 4.17 plastics and Dashes: Evaluating 
the solution
The instrument panel warranty team implemented their 
solutions and used the measures of performance developed 
in Example 4.3 to study the solutions in order to determine 
whether the changes were working. Their original measures 
of performance were warranty costs and number and type 
of warranty claims. The Pareto chart in Figure 4.43 pro-
vides information about warranty claims made following 
the changes. When this figure is compared to Figure 4.11, 
showing warranty claims before the problem-solving team 
went into action, the improvement is obvious. Warranty 
costs declined in proportion to the decreased number of 
claims, to just under $25,000. A process measure also 
tracked the length of time to implement the changes, a 
very speedy five days. q➛

act

step 9. act: ensure permanence
The final stage, Action, involves making the decision to 
adopt the change, abandon it, or repeat the problem-solv-
ing cycle. This key step ensures continuous improvement. 
If the change is adopted, then efforts must be made to 
ensure that new methods have been established so that 
the new level of quality performance can be maintained. 
Now that a follow-up investigation has revealed that the 
problem has been solved, it is important that improved 
performance continue. Figure 4.1 shows that ensuring 

FigurE 4.43  Plastics and Dashes: Pareto Chart of Instrument Panel Problems 
by Warranty Claim Type
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JRPS management has noticed some reluctance of their employees 
to investigate or use a job shop quoting and scheduling computer 
system. Comfortable with the paper method they have been using 
for year, they do not want to change. The management team met 
with key employees and created the following force-field analysis 
(Table 4.3).

Given the large number of positive reasons to make the change 
to a computerized system, they developed a plan of action to 
reduce the restraining forces and enjoy the benefits of the driving 
forces. The plan of action includes these steps:

 Revamp quote format to match software

 Revamp bill of materials format to match software

 Have cooperative education student update bills of material Iden-
tify key information required by sales and shop

 Install software linking customer with sales with shop

 Provide training for software

 Introduce new format in step-by-step fashion to minimize 
confusion

JRPS Uses a Force-Field Analysis Real tOOlS for Real liFeq➛

q➛

convert Quote to order

Driving Forces restraining Forces

Reduce errors
Process orders more quickly
Receive more complete information
Reduce lead times
Reduce late orders
Maintain good customer  relationship
Increase number of future orders
Increase profits
Increase bonuses
Use consistent format
Connect front office and shop floor

No training on computer
No time for training
Lack of familiarity with system
Requires interaction between departments

plan of action

1. Review and revamp quoting process.
2. Create a better understanding of the information the shop needs.
3. Identify key information using input from shop.
4. Use information to revise quoting forms and format.
5. Install software linking customer with sales with shop floor.
6.  Train salespeople to obtain correct information using new quoting forms.

table 4.3 Force-Field Diagram for jrps

permanence is part of the action phase. This phase of the 
quality improvement process exists to ensure that the new 
controls and procedures stay in place. It is easy to believe 
that the new and better method should be utilized without 
fail; however, in any situation where a change has taken 
place, there is a tendency to return to old methods, con-
trols, and procedures when stress is increased. It is a bit 
like switching to an automatic shift after having driven 
a manual shift car for a number of years. Under normal 
driving conditions, drivers will not utilize their left legs to 
operate a clutch pedal that does not exist in an automatic 
gearshift car. But place those same individuals in an emer-
gency stop situation, and chances are they will attempt 
to activate a nonexistent clutch pedal at the same time as 
they brake. Under stress, people have a tendency to revert 
to their original training.

The Act section of Dr. Deming’s PDSA cycle reminds 
us to learn from our past experiences and adopt new 
methods that prevent a repeat of past failures. To avoid 
a lapse into old routines and methods, controls must be 

in place to remind people of the new method. It is helpful 
if people see how the new methods were designed and 
developed. Widespread active involvement in improve-
ment projects helps ensure successful implementation. 
Extensive training and short follow-up training are very 
helpful in ingraining the new method. Methods must 
be instituted and follow-up checks must be put in place 
to prevent problem recurrences from lapses to old rou-
tines and methods. Solution implementation is a key step 
toward success.

Example 4.18 plastics and Dashes: Ensuring 
permanence by standardizing improvements
Plastics and Dashes asks each team to write up a brief 
but formal discussion of the problem-solving steps their 
team took to eliminate the root causes of problems. These 
discussions are shared with others involved in problem 
solving to serve as a guide for future problem-solving 
efforts. q➛
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Maxie Warehousing is justifiably proud of their ability to ship just 
about anything anywhere. Recently, though, a customer rejected 
a shipment when it arrived at their docks with the ends of the box 
destroyed (Figure 4.44). Further part damage had occurred when 
the protective plastic netting had slipped out of position inside the 
box. The customer rejected the parts due to nicks and scratches. 
Unfortunately, this sort of box bursting has occurred several times 
before. At Maxie’s a continuous improvement team is working on 
the problem using Dr. Deming’s Plan-Do-Study-Act cycle, as well as 
a variety of quality tools.

pLaN
The team defined their problem as: Shipments are being rejected 
due to the boxes bursting during transit. The customers will not 
accept the shipment if the box is destroyed and the parts have 
been harmed. Their problem statement is: Improve customer ship-
ment acceptance numbers by eliminating box bursting during 
transit.

Following the development of a problem statement, the team 
established a baseline. They immediately sent a team to the cus-
tomer’s plant to obtain detailed information including photographs 
of the burst boxes. One of the boxes without straps shows evidence 
of strap marks. This means that the straps broke during shipment. 
The photo also shows the wide white tape the truck driver used to 
hold the box together when the straps came loose.

Back at Maxie’s the rest of the team watched the operator 
pack boxes. With this information they mapped and photographed 
the key steps in the process (Figures 4.45 and 4.46). These 
photographs and diagrams helped them understand the process 
better.

The creation of a WHY-WHY diagram helped them deter-
mine the root cause of the problem (Figure 4.47). Analyzing the 

photos taken of the packaging process enabled them to see that 
the straps interfere with the forks of the fork truck during load-
ing on or off a semitruck. The forks can not only cut the straps 
when picked up or moved by a fork truck, but also interfere dur-
ing the packaging and strapping of the box to the pallet. Figure 
4.48 shows that when strapping a box to a pallet that is held at 
a proper work height for the packer, the straps must be threaded 
down between the forks and around the spine. The strap is then 
pulled tight to secure the load. The problem occurs when the 
forks are subsequently removed from under the pallet, leaving 
slack in the straps. The slack straps provide no protection for the 
box during shipment. Their investigation enabled them to deter-
mine that the root cause of the burst boxes was the box strapping 
method.

Do
To prevent future box bursts, steps were taken to determine the 
best way to prevent improper box strapping in the future. The team 
developed a new method of strapping the box to the pallet. By 
strapping the box to the pallet using the top planks on the pallet, 
the interference from the forks will be eliminated. The new process 
is shown in Figure 4.49.

sTuDY
Maxie’s monitored the new method and the shipping of boxes. No 
more broken or burst boxes occurred in the next two months.

acT
To ensure permanence, new work procedures were created for the 
shipping department. These also included photos and line draw-
ings to visually remind the operator about proper box preparation 
( Figures 4.50 and 4.51).

Using Plan-Do-Study-Act in a Warehouse Real tOOlS for Real liFeq➛

FigurE 4.44  Broken Box of Parts
Donna C. Summers
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FigurE 4.45  Packaging Process Map
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FigurE 4.47  WHY-WHY Diagram for Packaging Difficulties
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(continued)

FigurE 4.46  Taped Box with Metal 
Straps Missing

Donna C. Summers
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FigurE 4.48  Incorrectly Strapped Box

Interference

standard Box packaging

Limitations of Cardboard Boxes

•	 Length limit: 47 in.
•	Do nOt use cardboard for any part weighing over 250 lbs
•	Boxes less than 100 lbs do not get strapped to pallets unless specified by customer

standard Box sizes

no Metal straps 2 Metal straps Wooden Box

8 * 5 * 5 24 * 20 * 10 Build if parts do not fit within the

12 * 9 * 3 36 * 20 * 10 limitations of a cardboard box

15 * 10 * 10 48 * 20 * 10

20 * 12 * 4 W * L

24 * 6 * 6 69 * 42 Large Box

36 * 6 * 6 59 * 42 Medium Box

48 * 6 * 6 55 * 42 Small Box

Many small boxes headed for same destination may 
be stretch wrapped to a pallet.

Parts that do not fit box sizes must 
have a box made to fit.

packaging procedure

•	Rust-paper, naltex, or oil parts when required by packaging specification.
•	Use packing peanuts for small individual parts.
•	 Parts layered in a box must have cardboard between layers with rust-paper when needed.

FigurE 4.49  Standard Box Packaging

Donna C. Summers
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FigurE 4.50  Strapping Procedure

Standard Box Packaging

Strap box to pallet with at least two straps.

Always strap boxes as shown below.

If more than one box on a skid, add more straps (up to four straps).

Strap

RIGHT
Truck forks do not interfere with straps.

WRONG
Strap may break when lifted by forklift.

Side
view

Strap

Strap
around box

Straps secure
box to palletStraps secure box to pallet

and parts together.

Top
view

q➛
FigurE 4.51  Box Packaging Standard

Box

Skid

34”

14” max

Standard Box Packaging

Skid used:

- 34 inches wide

** Height of skid and boxes must NOT be higher than 14 inches together **
(Skids go through demagnetizing machine at Goulds)

** Strap skids same as Standard Box Packaging **
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Everyone can agree that aircraft landing gear plays a vital role in 
the success of a flight. During each landing, the gear absorbs a lot 
of stress. If the gear fails to perform as required, the landing may 
merely be rough or it could be fatal. In this example, a company that 
manufactures the gear struts for landing gear is experiencing some 
manufacturing difficulties. Due to an out-of-round condition (bowing), 
the strut appears to be constricted during operation. They have 
created a Six Sigma team to investigate the problem using DMAIC.

The six sigma Team
Process Engineer

 Responsibility: Research operations and determine areas of 
concern.

Quality Engineer

 Responsibility: Develop and monitor part measurement system. 
Industrial Engineer

Responsibility: Implement process changes.

Define Team Mission As a problem-solving team, we will concen-
trate on the causes of abnormal bowing of part J-8 (Figure 4.52). 
We will investigate in-house processes as well as possible supplier 
material inadequacies.

Customers Our customers, both internal and external, and their 
needs and expectations are detailed in Figure 4.53.

Problem Statement During the final boring operation, parts are 
being scrapped or reworked because of a concentricity problem 
with the inner member.

Measures of Performance
Key measures of performance were selected to monitor the effec-
tiveness of future improvements. The measures of performance 
were identified as:

Concentricity meets customer requirements

Less variation present in process and parts

Lower scrap levels

Lower rework levels

Lower tooling costs

Improved throughput

MEasurE
Process Flowchart We charted the process flow of Part J-8 through 
our plant, beginning with the customer order and ending when the 
customer receives the part (Figure 4.54). We charted the process 
in order to gain insight into possible problem areas created by our 
current process.

Process Information Diagrams Histograms, X and R charts, and 
Pareto charts (Figures 4.55 through 4.57 were used to find out 
exactly where in the process the bowing of the inner member of 
Part J-8 was occurring. We determined that bowing was occurring 
at the press operation where the inner member is pressed into the 
outer casing.

Cause-and-Effect Diagram To clearly define the root causes of the 
problem at the press operation, a cause-and-effect diagram was cre-
ated (Figure 4.58).

aNaLYZE: rooT causE DETErMiNaTioN
By studying the process information gathered during the problem 
analysis phase, we were able to determine that the root cause of 
the bowing problem was occurring at the press operation. We inves-
tigated the operation and determined that only one fixture was used 
to press together all the parts in this part family. The problem was 
that on Part J-8 the press only made it halfway through the inner 
core. This resulted in an incorrect pressure being applied to the 
part, causing the part to bow.

A study of the detailed process setup instructions revealed a 
second, more critical problem. Though proper setup procedures 
have been defined for this part, over time, it has become standard 
practice to use the same fixture for all parts in the family, even 
though the appropriate fixture for each part exists. This tells us that 
the documented processes are not being followed.

Root Cause Analysis of Out-of-Round Condition in an Aircraft Landing 
Gear Strut Support

Real tOOlS for Real liFeq➛

FigurE 4.52  Part J-8

(continued)
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customer Focus

internal Customers needs and expectations

Receiving On-time delivery
Order accuracy
Operation to move to next

Inspection Order accuracy
On-time delivery
Dimensional accuracy
Lot size inspection requirements
Calibrated inspection tools
Dimensional requirements

Machining Order accuracy
On-time delivery
Dimensional accuracy (previous op.)
Reliable equipment
Production requirements
Training for operation of equipment

Product Testing Conformance to FAA regulations
Standardized testing equipment
Current FAA regulations

Shipping Achieve shipment goals
Directions where, when, & how

Inventory No buildup of excess inventory
Parts available on demand

Sales Quality parts
Quality reputation

Product Development Low cost
Improved processes
Market demand information

Employees (General) Safe working conditions
Incentives
Fair wages
Training
Opportunity for $ advancement

Purchasing Orders from customers
Raw material requirements
Funding to purchase materials

external Customers needs and expectations

RQM Precision Machining Material requirements

ABC Aerospace Corporation Quality Parts

FAA Inspector On-time deliver
Meet FAA standards
Current FAA regulations

Pilot Durable parts
Reliable parts
Safe operation

FigurE 4.53  Customer Expectations Related to Part J-8
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FigurE 4.54  Flowchart of Part J-8
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iMproVE: proBLEM soLuTioN
Before actions were taken to resolve the problem, a force-field 
analysis (Figure 4.59) was developed to understand the feasibil-
ity of implementing the changes needed to correct the situation. 
With the root cause of our problem defined, restraining and driving 
forces were taken into consideration to determine the appropriate 
actions to take.

pLaN oF acTioN
Operator Training Starting with the next batch of parts, the correct 
fixtures will be used. During the training session, we discussed the 
importance of following the appropriate procedures.

Fixture Tray To ensure that the appropriate fixtures are used on 
each part, a new fixture tray has been created. Fixtures in this tray 
are clearly marked as to which part they are to be used for. We feel 

this fixture tray will reduce operator fixture selection error. It also 
enables us to do a quick visual inspection of the tools for inventory 
and preventive maintenance purposes.

Additional Inspection For the short term, additional inspec-
tion operations have been added to the process (Figure 4.60). 
These will be used to gather information about part concentric-
ity and to track our measures of performance. These operations 
will be disbanded once we are sure that we have fixed the 
problem.

coNTroL: FoLLoW-up
Each week, for the next six weeks, we will track the measures 
of performance to determine if the problem has been correctly 
detected and solve.

FigurE 4.56  Histogram Showing J-8 Inner/Outer Diameter 
Concentricity
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(continued)

FigurE 4.57  Control Chart of Inner/Outer Diameter Concentricity
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FigurE 4.58  Cause-and-Effect Diagram for Concentricity Problems for Part J-8

Equipment

Concentricity

Malfunctioning
spudding tool

Worn tooling

People

Loading parts wrong

Poor training

Improve machine design

Inaccurate inspection

Inaccurate
measurement

Malfunctioning
press

Incorrect spudding
fixture

Process

Poor adhesive
Poor monitoring

Poor spudding
Poor bonding

Material

Inconsistent hardness

Poor from vendor

Desired Change: Effectively meet customer needs by manufacturing concentric parts throughout 
the entire process.

Driving

(2)-Less rework
(0)-Less cost (rework, insp., etc.)
(1)-Quicker throughput
(2)-Improved customer satisfaction
(1)-Less inspection
(1)-Less scrap
(2)-Less non-value-added activities
(0)-Management support
(0)-Enhance reputation
(0)-Increased contracts ($)
(2)-Required to meet FAA specification
(2)-Will be dropped from contracts
(0)-Incentives for employees
(0)-Motivated workforce

restraining

(2)-Time/cost of problem solving
(3)-Not cost-effective
(2)-Not important to customer
(1)-May increase cost of part
(0)-No employees w/proper skills
(2)-Unavailable technology
(0)-Low employee satisfaction/motivation
(0)-Poor understanding of goal

action plans

1. Perform cost–benefit analysis on rework, scrap, and customer dissatisfaction costs vs. costs 
required to solve the problem.

2. Assign employees to investigate process to determine operation where parts fall out of 
concentricity.

3. Implement recommendations to resolve concentricity problem.

4. Use measures of performance to determine whether the implementation is effectively meeting 
our desired change.

FigurE 4.59  Force-Field Analysis for J-8 Concentricity Improvements
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q➛

step 10. act: Continuous improvement
Improvement projects are easy to identify. A review of 
operations will reveal many opportunities for improve-
ment. Any sources of waste, such as warranty claims, over-
time, scrap, or rework, as well as production backlogs or 
areas in need of more capacity, are potential projects. Even 
small improvements can lead to a significant impact on the 
organization’s financial statement. Having completed one 
project, others wait for the same problem-solving process.

Upon completion of their project, teams often present 
their findings in the form of a final report or storyboard. 
The following Real Tools for Real Life feature describes 
one team’s complete project from beginning to end. They 
used a variety of techniques from this chapter to support 
their problem-solving effort. Note that their process closely 
follows the problem-solving method laid out in Figure 4.1 

at the beginning of this chapter. By sharing their success 
stories, these teams motivate others to tackle problems in 
their own areas.

A project team’s tasks don’t end with the solution of one 
particular problem. The quality and productivity-improve-
ment process never ends. Once a problem is solved, teams 
are re-formed to do it all over again, this time with a new 
problem, opportunity, or project. Only through continual 
improvement can a company hope to move toward the 
future, improve its customer base, and ensure future profits.

SUmmaRy 

Teaching the tools of quality improvement and prob-
lem solving is actually the easiest part of the quality 
improvement process. Helping individuals and groups 

FigurE 4.60  Revised Process to Manufacture Part J-8
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apply those techniques in a problem-solving format is 
critical and difficult. Upper-management involvement 
in selecting issues to be investigated is important to the 
success of a quality improvement program. Brainstorm-
ing and Pareto charts also help identify where problem-
solving efforts should be concentrated. Teach people 
the techniques and then use brainstorming to encourage 
them to uncover problems in their own area and begin to 
solve them. Upper management should be involved in the 
entire process, from education to implementation. They 
should be the ones providing their people with a push in 
the right direction.

 leSSOnS leaRneD 

1. Problem solving is the isolation and analysis of a prob-
lem and the development of a permanent solution. 
Problem solving should be logical and systematic.

2. The following steps should be taken during the prob-
lem-solving process:

step 1. Recognize a problem exists.

step 2. Form an improvement team.

step 3. Develop performance measures.

step 4. Clearly define the problem.

step 5. Document and analyze the problem/process.

step 6. Determine possible causes.

step 7. Identify, select, and implement the solution.

step 8. Evaluate the solution.

step 9. Ensure permanence.

step 10. Continuous improvement.

3. The following are techniques used in problem solving: 
brainstorming, Pareto charts, WHY-WHY diagrams, 
flowcharts, force-field analysis, cause-and-effect dia-
grams, check sheets, histograms, scatter diagrams, 
control charts, and run charts.

4. Problem solvers are tempted to propose solutions 
before identifying the root cause of the problem and 
performing an in-depth study of the situation. Adher-
ing to a problem-solving method avoids this tendency.

5. Brainstorming is designed for idea generation. Ideas 
should not be discussed or criticized during a brain-
storming session.

6. Flowcharts are powerful tools that allow problem 
solvers to gain in-depth knowledge of the process.

7. Cause-and-effect diagrams enable problem solvers to 
identify the root causes of succinctly stated problems.

8. Steps must be taken to ensure that the new methods or 
changes to the process are permanent.

9. Don’t hesitate to apply the techniques you have learned 
to the problems you face in your work or life.

q➛

chapteR pROblemS 

PROblEm SOlving

1. Good root cause identification and problem-solving 
efforts begin with a clear problem statement. Why is a 
well-written problem statement necessary?

2. Describe the 10 steps of problem solving.
3. An orange juice producer has found that the fill 

weights (weight of product per container) of several 
of its orange juice products do not meet specifications. 
If the problem continues, unhappy customers will 
stop buying their product. Outline the steps that they 
should take to solve this problem. Provide as much 
detail as you can.

4. Bicycles are being stolen at a local campus. Campus 
security is considering changes in bike rack design, 
bike parking restrictions, and bike registration to try 
to reduce thefts. Thieves have been using hacksaws 
and bolt cutters to remove locks from the bikes. Cre-
ate a problem statement for this situation. How will 
an improvement team use the problem statement?

5. Read Example 4.16. As if you were the project manager 
responsible for solving this problem, describe the steps 
you would take to plan this problem investigation.

6. A pizza company with stores located citywide uses one 
order call-in phone number for the entire city. Callers, 
regardless of their address, can phone XXX-1111 to 
place an order. Based on the caller’s phone number, 
an automated switching service directs the call to the 
appropriate store.

On a recent Friday evening, the pizza company 
lost as many as 15,000 orders when a malfunctioning 
mechanical device made calls to their phone number 
impossible. From about 5:30 to 8 P.M., when callers 
hoping to place an order phoned, they were met with 
either silence or a busy signal. This is not the first time 
this malfunction has occurred. Just two weeks earlier, 
the same problem surfaced. The pizza company and 
the company that installed the system are working to 
ensure that situation doesn’t repeat itself. They believe 
a defective call switch is to blame.

Based on what you have learned in this chapter, 
why is a structured problem-solving process critical 
to the success of finding and eliminating a problem? 
What steps do you recommend they follow?

7. When creating a problem statement, what are three 
guides to use?

8. Select one tool or technique from this chapter and 
describe how you will apply it to your work or life. 
How will applying it improve your success with 
problem-solving?

9. In the rush to fix a problem or get something done, an 
organized problem-solving method is often ignored. 
What benefits are there in using either the PDSA or 
DMAIC
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PARETO CHARTS

10. During the past month, a customer-satisfaction survey 
was given to 200 customers at a local fast-food restau-
rant. The following complaints were lodged:

Complaint Number of Complaints

Cold Food 105
Flimsy Utensils 20
Food Tastes Bad 10
Salad Not Fresh 94
Poor Service 15
Food Greasy 9
Lack of Courtesy 5
Lack of Cleanliness 25

Create a Pareto chart with this information.
11. A local bank is keeping track of the different reasons 

people phone the bank. Those answering the phones 
place a mark on their check sheet in the rows most 
representative of the customers’ questions. Given the 
following check sheet, make a Pareto chart:

Credit Card Payment Questions 245
Transfer Call to Another Department 145
Balance Questions 377
Payment Receipt Questions 57
Finance Charges Questions 30
Other 341

  Comment on what you would do about the high num-
ber of calls in the “Other” column.

12. Once a Pareto chart has been created, what steps 
would you take to deal with the situation given in 
Problem 9 in your quality improvement team?

13. Two partners in an upholstery business are interested 
in decreasing the number of complaints from custom-
ers who have had furniture reupholstered by their 
staff. For the past six months, they have been keeping 
detailed records of the complaints and what had to be 
done to correct the situations. To help their analysis 
of which problems to attack first, they decide to cre-
ate several Pareto charts. Use the table below to create 
Pareto charts for the number of complaints, the per-
centage of complaints, and the dollar loss associated 
with the complaints. Discuss the charts.

Category
Number of 
Complaints

Percentage of 
Complaints

Dollar 
Loss

Loose Threads 20 40 294.00
Incorrect 

Hemming
8 16 206.00

Material Flaws 2 4 120.00
Stitching Flaws 9 18 176.00
Pattern Alignment 

Errors
4 8 250.00

Color Mismatch 1 2 180.00
Trim Errors 3 6 144.00
Button Problems 2 4 36.00
Miscellaneous 1 2 60.00

50 100

14. Create a Pareto chart for the following safety statistics 
from the security office of a major apartment building. 
What does the chart tell you about their safety record 
and their efforts to combat crime? Where should they 
concentrate their efforts? In this example, does a low 
number of occurrences necessarily mean those areas 
should be ignored? Does the magnitude of the injury 
done mean anything in your interpretation?

Year 1 Year 2 Year 3 Year 4 Year 5 Year 6 Year 7 Year 8 Year 9 Year 10 Year 11

Homicide 0 0 0 0 0 0 0 0 0 1 0
Aggravated Assault 2 1 0 1 3 4 5 5 6 4 3
Burglary 80 19 18 25 40 26 23 29 30 21 20
Grand Theft Auto 2 2 6 15 3 0 2 10 5 2 3
Theft 67 110 86 125 142 91 120 79 83 78 63
Petty Theft 37 42 115 140 136 112 110 98 76 52 80
Grand Theft 31 19 16 5 4 8 4 6 2 4 3
Alcohol Violations 20 17 16 16 11 8 27 15 10 12 9
Drug Violations 3 4 2 0 0 0 0 2 3 2 1
Firearms Violations 0 0 0 0 0 1 0 0 1 0 0

15. Max’s Barbeque Tools manufactures top-of-the-line 
barbeque tools. These tools are sold in sets that include 
knives, long-handled forks, and spatulas. During the 
past year, nearly 240,000 tools have passed through 

final inspection. Create a Pareto chart with the infor-
mation provided in Figure P4.1 Comment on whether 
any of the categories may be combined. What prob-
lems should Max’s tackle first?
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Final Inspection
Department 8
February

Defect totals Defect totals

Bad handle rivets 1,753 Buff concave 33
Grind in blade 995 Bent 32
Etch 807 Hit handle 27
Hit blades 477 Burn 16
Bad tines 346 Wrap 15
Bad steel 328 Burned handles 11
Rebend 295 Recolor concave 10
Cracked handle 264 Rivet 9
Rehone 237 Handle color 6
Cracked steel 220 Hafting marks handles 5
Nicked and scratched 207 Raw fronts 4
Haft at rivets 194 Pitted blades 4
High handle rivets 170 Scratched blades 4
Dented 158 Raw backs 3
Pitted bolsters 130 Water lines 3
Vendor rejects 79 Open handles 3
Holder marks 78 Seconds 3
Heat induct 70 Reruns 2
Open at rivet 68 DD edge 2
Finish 56 Bad/bent points
Edge 54 Stained rivets
Honing 53 Seams/holes
Cloud on blades 46 Open steel
Hafting marks steel 43 Narrow blades
Scratched rivets 41
Burrs 41 Total inspected 238,385
High-speed buff 41 Total accepted 230,868
Stained blades 35 Total rejected 7,517
Crooked blades 34

FigurE p4.1  Problem 14

16. PT Tool Inc. manufactures aircraft landing gear. 
The completed gear must perform to rigid specifica-
tions. Due to the expensive nature of the product, 
the landing gear must also meet customer expecta-
tions for fit and finish. To gather information about 
nonconformities that are occurring in their shop, a 
problem-solving team has utilized check sheets to 
record the nonconformities that they find on the 
parts during final inspection. When they encoun-
ter a problem, the inspectors check the appropriate 
category on the check sheet. Create a Pareto chart 
from the check sheet. Based on the diagrams, where 
should PT Tool be concentrating their improvement 
efforts?

Check Sheet of Finish Flaws and Operational Flaws

Finish Flaws
Scratches ///// ///
Dents //
Surface finish disfigurations in paint ////
Damage to casing /
Wrong color /

Operational Flaws
Mounting plate location off center ///// ///// /
Nonfunctional electrical system //
Activation switch malfunction /
Motor failure ////

17. Create a Pareto chart using the check sheet provided in 
Problem 15 and the following information about the 
individual costs associated with correcting each type 
of nonconformity. Based on your Pareto chart showing 
the total costs associated with each type of noncon-
formity, where should PT Tool be concentrating their 
improvement efforts? How is this focus different from 
that in Problem 15?

Scratches $145
Dents $200
Surface finish disfigurations in paint $954
Damage to casing $6,500
Wrong color $200
Mounting plate location off center $75
Nonfunctional electrical system $5,000
Activation switch malfunction $300
Motor failure $420
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mEASURES OF PERFORmAnCE

18. Describe a process. Based on the process you described, 
what are two measures that can be used to determine if 
the process you described is performing well?

19. Review Problem 6. What are two measures of perfor-
mance that can be used to determine if the changes 
they make are effective?

20. Review Problem 9. What are two measures of perfor-
mance that can be used to determine if the changes 
they make are effective?

21. Review Problem 12. What are two measures of per-
formance that can be used to determine if the changes 
they make are effective?

22. Review Problem 15. What are two measures of per-
formance that can be used to determine if the changes 
they make are effective?

bRAinSTORming And AFFiniTy 
diAgRAmS

23. Brainstorm 10 reasons why a dinner order might arrive 
late to the guests’ table.

24. Brainstorm reasons why the university computer might 
malfunction. Use an affinity diagram to organize your 
results.

25. Brainstorm reasons why a customer may not feel the 
service was adequate at a department store. Create an 
affinity diagram to organize your results.

26. How are brainstorming techniques used to discover 
potential corrective actions?

WHy-WHy diAgRAmS

27. Create a WHY-WHY diagram for how you ended up 
taking this particular class.

28. A mail-order company has a goal of reducing the 
amount of time a customer has to wait in order to 
place an order. Create a WHY-WHY diagram about 
waiting on the telephone. Once you have created the 
diagram, how would you use it?

29. Apply a WHY-WHY diagram to a project you face at 
work or in school.

30. Create a WHY-WHY diagram for this problem state-
ment: Customers leave the store without making a 
purchase.

PROCESS mAPPing

31. Why is a process map such an excellent problem-solv-
ing tool?

32. Create a flowchart for registering for a class at your 
school.

33. Create a flowchart for solving a financial aid problem 
at your school.

34. WP Uniforms provides a selection of lab coats, shirts, 
trousers, uniforms, and outfits for area businesses. For 
a fee, WP Uniforms will collect soiled garments once 
a week, wash and repair these garments, and return 
them the following week while picking up a new batch 
of soiled garments.

   At WP Uniforms, shirts are laundered in large 
batches. From the laundry, these shirts are inspected, 
repaired, and sorted. To determine if the process can 
be done more effectively, the employees want to create 
a flowchart of the process. They have brainstormed 
the following steps and placed them in order. Create 
a flowchart with their information. Remember to use 
symbols appropriately.

Shirts arrive from laundry.

Pull shirts from racks.
Remove shirts from hangers.
Inspect.
Ask: Does shirt have holes  

or other damage?

Make note of repair needs.

Ask: Is shirt beyond 
cost-effective repair?

Discard shirt if badly 
damaged.

Sort according to size.
Fold shirt.
Place in proper stor-

age area.
Make hourly count.

35. Coating chocolate with a hard shell began with 
M&Ms during World War II. Coated candies were 
easier to transport because the coating prevented them 
from melting. Making coated candies is an interesting 
process. First the chocolate centers are formed in lit-
tle molds. These chocolate centers are then placed in 
a large rotating drum that looks a bit like a cement 
mixer. Temperature controls on the drum maintain 
a low enough temperature to prevent the chocolate 
from softening. While rolling around in the drum, the 
chocolates are sprayed with sugary liquid that hard-
ens into the white candy shell. Since the chocolates 
are constantly rotating, they do not clump together 
while wet with the sugary liquid. Once the white candy 
shell has hardened, a second, colored, sugar liquid is 
sprayed into the drum. Once the color coating dries, 
the colored candies are removed from the drum by 
pouring them onto a conveyor belt where each candy 
fits into one of thousands of candy-shaped depres-
sions. The belt vibrates gently to seat the candies into 
the depressions. Once they are organized on the belt, 
they proceed through a machine that gently imprints 
a maker’s mark onto each candy with edible ink. Map 
this process.

36. Create a flowchart using symbols for the information 
provided in the table below.
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Materials Process Controls

Buy Filter
Buy Oil

Wrench to Unscrew
Oil Plug

Oil Filter Wrench
Oil Drain Pan

Start Car and Warm It Up (5 min)
Shut Off Car When Warm
Utilize Pan for Oil
Remove Plug
Drain Oil into Pan
Remove Old Filter with Wrench  

When Oil Is Completely Drained
Take Small Amount of Oil and  

Rub It Around Ring on New  
Filter

Screw New Filter On by Hand
Tighten New Filter by Hand
Add Recommended Number of  

New Quarts of Oil
Start Engine and Run for 5 min to  

Circulate Oil
Look for Leaks While Engine  

Is Running
Wipe Off Dipstick

Check Oil Level and Add More 
If Low

Place Used Oil in Recycling  
Container

Take Used Oil to Recycling Center
Dispose of Filter Properly

CAUSE-And-EFFECT diAgRAmS

37. Why is a cause-and-effect diagram such an effective 
problem-solving tool?

38. What role does a cause-and-effect diagram play in 
finding a root cause of a problem?

39. A customer placed a call to a mail-order catalog 
firm. Several times the customer dialed the phone 
and received a busy signal. Finally, the phone was 
answered electronically, and the customer was told to 
wait for the next available operator. Although it was 
a 1-800 number, he found it annoying to wait on the 
phone until his ear hurt. Yet he did not want to hang 
up for fear he would not be able to get through to the 
firm again. Using the problem statement “What makes 
a customer wait?” as your base, brainstorm to create a 
cause-and-effect diagram. Once you have created the 
diagram, how would you use it?

40. Create cause-and-effect diagrams for (a) a car that 
won’t start, (b) an upset stomach, and (c) a long line 
at the supermarket.

41. The newly appointed warehouse manager of CH Dis-
tribution has been studying the flow of the pick, pack, 
and shipment of orders. To understand the process of 
picking orders in a warehouse, his team followed part 
pickers around on the job. Pickers received a computer 
printout of the order. The printout contains limited 
information, only the items required and to whom 
they were to be shipped. The team noticed that some 
orders were large and some were small. All pickers 
have the same size carts meaning that sometimes there 
was empty space on the carts and sometimes the carts 
couldn’t hold it all. They also noticed that light levels 
were low in the warehouse. Create a cause-and-effect 
diagram for the problem: Multiple trips to the same 
stocking area.

42. A local store selling pet food and supplies has noticed 
that its customer base is shrinking. Naturally, this 
concerns the manager and owner. Together they have 
studied the market and determined that there is no 
new competition in the area. Based on some random 
conversations with customers, they feel the issue might 
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revolve around customer service. Since customer ser-
vice perceptions are based on employee actions, the 
manager and owner have decided to involve all of their 
employees in creating a cause-and-effect diagram for 
the problem: Customers are dissatisfied with their 
experience at our store. Create your own cause-and-
effect diagram for this problem.

FORCE-FiEld AnAlySiS

43. For Problem 40, create a force-field analysis for the 
issue: Reduce order-picking time.

44. Create a force-field analysis for Problem 4, concerning 
bike thefts.

45. Create a force-field analysis for a restaurant where 
customers are waiting more than 10 minutes for their 
food.

THE big PiCTURE

46. Revisit Problem 6 concerning the pizza company. What 
techniques do you suggest they use to fully investigate 
their problem? In what way would the techniques you 
suggested be useful?

47. One hot summer evening, a woman returned home 
from work and was surprised when a harried man 
dashed from the side of the house and gasped:

  “Are you Mrs. G.?”
  “Yes.”
   With this admission, the man launched into the tale 

of his truly horrible day. It seems that he was employed 
by an air conditioning company and had been sent 
out to disconnect and remove an air conditioner at 
10 Potter Lane. He had been informed that no one 
would be at home and that the cellar door would be 
left unlocked. When he arrived at 10 Potter Lane, eve-
rything was as he expected, so he got to work. He had 
just finished disconnecting the air conditioner when his 
office paged him. The office had given him the wrong 
address. What should he do? Reconnect it, the office 
replied. It wasn’t as simple as that, because he dam-
aged the air conditioner while removing it. After all, 
since the air conditioner was being replaced, he did not 
consider it necessary to be careful.

  “How could this have happened?” asked Mrs. G.
  We often read about or experience life’s little errors. 

Sometimes they are minor disturbances to our rou-
tines and sometimes they are even funny, but occa-
sionally mistakes cost significant time and money. 
How do companies avoid errors? How do they find 
the answer to the question: How could this have hap-
pened? What problem-solving techniques would you 
apply from this chapter to investigate the root cause 
of this problem?

48. Apply the 10 problem-solving steps described in this 
chapter to a problem you face(d) at work or in school.

49. A recent area of study is the surgery center. Whenever 
a patient is scheduled for a surgical procedure, pretests 
are scheduled. These may include a physical, blood 
testing, x-rays, or other lab tests. This paperwork and 
information goes into the patient’s file (a paper file, 
not an electronic file). Nationwide, hospitals and doc-
tor’s offices do not use electronic files, despite signifi-
cant evidence that efficiencies could be obtained by 
using them. There is concern about patient privacy, 
information sharing between government and insur-
ance companies, and other issues.

All this paperwork needs to be at the surgery 
center at least 48 hours in advance of the surgery. This 
provides the time needed for the anesthesiologist and 
other key participants in the surgery to review the file 
and make sure that the right information is available. 
Without this information, the surgery may place the 
patient at risk. When the information is not available, 
the surgery is usually canceled.

The CQEs studied the number of surgeries that 
were canceled. With a Pareto chart, they deter-
mined that incorrect, incomplete, or late paperwork 
accounted for 45 percent of the reasons why surgeries 
were canceled. Canceling surgeries is very expensive. 
Surgeons are paid for four hours of downtime, charges 
are incurred for sterilized equipment that doesn’t 
get used, anesthesiologists and surgical technicians 
bill their time, tests are rescheduled and redone, an 
appointment coordinator must reschedule the surgery, 
and so on. Then ofcourse, there is the patient who was 
prepared for the surgery and now must go through the 
entire process again. The costs can run into the thou-
sands of dollars for each cancellation.
a. Before any improvement efforts can take place, 

it is best to have a plan of action. You plan on 
using the Plan-Do-Study-Act cycle to help guide 
your improvement efforts at the hospital. Refer 
to  Figure 4.1 and describe the Plan-Do-Study-Act 
cycle to a hospital committee that is unfamiliar 
with the PDSA steps.

b. In the hospital information, this sentence appears: 
With a Pareto chart, they determined that incor-
rect, incomplete, or late paper-work accounted 
for 45  percent of the reasons why surgeries were 
canceled. What is the 80–20 rule? What is a Pareto 
chart?

c. Measures of performance help us answer the ques-
tion: How do we know our changes are working? 
For the surgery cancellation problem at the hospi-
tal, list several measures of performance that leader-
ship can use to help track the improvement process.

d. Based on the information provided and anything 
else you know about hospital surgeries, create a 
cause-and-effect diagram for the question: Why 
would an operating room get canceled?

e. Based on the information provided and anything 
else you know about hospital surgeries and tests, 
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c. Create a why-why diagram for the problem state-
ment: The color of shoes shown on-line does not 
match the color of shoes sent to the customer.

d. Construct and interpret a Pareto Diagram with the 
following information about shoe returns:

Wrong size 25
Wrong color 35
Color not as shown on-line 450
Material not as described 150
Not comfortable 20
Did not arrive in time 250
Wrong product received 70

create a WHY-WHY diagram for the question: 
Why wouldn’t correct tests be performed?

f. Create a force-field analysis for the statement: 
Patients at the hospital want a reduction in the 
number of surgeries canceled. What is going to 
drive the improvement? What is going to restrain 
improvement in this situation?

50. Shoppers can find nearly anything they need or want 
on-line.
a. Create a process map for the process of ordering 

shoes on-line.
b. Create and interpret a cause-and-effect diagram 

for the problem statement: Customers often return 
shoes ordered on-line.
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caSe StUDy 4.1 

problem solving

PART 1
WP Inc. is a manufacturer of small metal parts. Using a 
customer’s designs, WP creates the tools, stamps, bends, and 
forms the metal parts; and deburrs, washes, and ships the 
parts to the customer. WP has been having a recurring prob-
lem with the automatic parts washer, used to wash small 
particles of dirt and oil from the parts; and The parts washer 
(Figure C4.1.1) resembles a dishwasher. The recurrent prob-
lem involves the spray nozzles, which frequently clog with 
particles, causing the parts washer to be shut down.

Although the parts washer is not the most time-consum-
ing or the most important operation at WP, it has been 
one of the most troublesome. The nozzle-clogging problem 
causes serious time delays, especially since almost every 
part manufactured goes through the parts washer. The 
parts-washing operation is a critical aspect of WP’s qual-
ity process. It is also the only alternative for cleaning parts 
since EPA regulations no longer allow the use of a vapor 
degreaser using trichloroethane 1,1,1. To better understand 
the process, study the process flowchart in Figure C4.1.2.

q➛

FigurE c4.1.1  Automatic Parts Washer
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must be determined where these soap particles are com-
ing from.

At the suggestion of one of the problem-solving team 
members, the tank is drained. The bottom of the tank is 
found to be coated with a layer of hard soap. Your team 
has decided to return to the conference room and use a 
cause-and-effect diagram to guide a brainstorming session 
to establish why there is a buildup of soap on the bottom 
of the tank.

While constructing a cause-and-effect diagram, note the 
following:

1. The water in the tank is heated, causing evaporation 
to occur. This in turn increases the concentration of 
the soap content in the solution. Following the written 
procedures, when the operator notes a decrease in the 
fluid level in the tank, he or she adds more of the soap-
and-water solution. This activity increases the soap con-
centration even more. Once the soap reaches a certain 
concentration level, it can no longer be held in solution. 
The soap particles then precipitate to the bottom of the 
tank. In the cleaning process, the tank is drained and 
new solution is put in. This causes a disturbance to the 
film of soap particles at the bottom of the tank, and the 
particles become free-floating in the tank.

2. The soap dissolves in the water best at an elevated tem-
perature. A chart of the daily temperatures in the parts 
washer shows that the tank has not been held at the 
appropriate temperature. It has been too low.

3. No filtering system exists between the tank and the 
nozzles.

aSSignment

Using the above information, create a cause-and-effect 
 diagram for the problem of soap buildup on the bottom 
of the tank.

aSSignment

Create a force-field analysis listing potential driving and 
restraining forces involved in correcting this problem. 
Brainstorm potential corrective actions.

aSSignment

Combine the information from the case and your solu-
tions to the assignments to create a management summary 
detailing the problem-solving steps taken in this case. 
Relate your summary to Figure C4.1.2.

q➛

q➛

q➛

aSSignment

Create a problem-solving group and design a problem state-
ment. Follow the problem-solving steps from  Figure 4.2 
throughout this case.

PART 2
Intensive questioning of the operator monitoring the pro-
cess yields the following information:

For about a month, the operator has been observing 
the parts washer and recording the behavior of the noz-
zles. A significant portion of the time, the nozzles do not 
spray as freely as they should. On seven occasions, the 
nozzles clogged completely. Two of these clogs happened 
midday; the remainder occurred at the end of the day. 
During the month, the nozzles did not clog in the morn-
ing. Each time the nozzles clogged, the operator took the 
opportunity to remove and inspect them. It appears that 
small particles become clogged in the tiny orifices of the 
nozzles. This restricts the flow of the soap-and-water 
solution through the nozzles, in turn causing the nozzles 
to clog further and eventually shutting the parts washer 
down. When dry, the small particles are white and flake-
like in appearance.

aSSignment

Return to your problem-solving group and brainstorm 
possible identities for the particles. Revise your problem-
solving statement on the basis of what you learned above. 
Detail the problem-solving steps that you would follow to 
discover the cause of the clogged nozzles. Given the infor-
mation in the case, be as specific as possible.

PART 3
It is possible that the particles could be one or several of the 
following: (1) hard-water buildup, (2) calcium, (3) chips 
from the parts, (4) paint chips, (5) soap flakes, (6) some-
thing caused by a chemical reaction, (7) some type of gravel 
or dirt. Add your group’s ideas to this list.

Further questioning of the operator discloses that the 
problem occurs most often after the old cleansing solution 
has been drained from the tank and new solution put in. 
This doesn’t seem to make sense because if the cleansing 
solution has just been recently changed, the liquid in the 
tank should be free of particles.

Although this doesn’t seem to make sense, tests are con-
ducted in which new cleansing solution is put in the tank. 
After running the parts washer only two minutes, the noz-
zles are removed and inspected. To everyone’s surprise, 
the nozzles have collected many particles. A study of the 
particles establishes that these particles are soap! Now it 

q➛

q➛
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through the holes and then tighten. Assemblers complain 
of stripped bolts and snug fittings. The problem-solving 
cycle begins with Step 1. Plan: Recognize a Problem Exists. 
Bracket customers have made management at WP Inc. well 
aware of the problem. Because management is unsure of 
the root cause of the problem, they proceed with the sec-
ond step of problem solving and assemble a team. The 
team consists of representatives from process engineering, 
materials engineering, product design, and manufacturing. 
Beginning with Step 4. Plan: Clearly Define the Problem, 
the team has decided to brainstorm the reasons why this 
problem has occurred.

aSSignment

Form a team and use the WHY-WHY diagram technique 
to determine why the bracket may be hard to assemble.

PART 2
In conjunction with the WHY-WHY diagram for why the 
bracket is not easily assembled, the team has decided to 
develop performance measures to answer the following 
question: How do we know that the changes we made to 
the process actually improved the process?

aSSignment

What performance measures does your team feel are neces-
sary to answer this question: How do we know that the 
changes we made to the process actually improved the 
process?

q➛

q➛

caSe StUDy 4.2 

process improvement

This case is the beginning of a four-part series of cases 
involving process improvement. The other cases are found 
at the end of Chapters 4, 5, and 6. Data and calculations 
for this case establish the foundation for the future cases; 
however, it is not necessary to complete this case in or-
der to complete and understand the cases in Chapters 4, 
5, and 6. Completing this case will provide insight into 
the use of problem-solving techniques in process improve-
ment. The case can be worked by hand or with the soft-
ware provided.

PART 1
Figure C4.2.1 provides the details of a simplified version 
of a bracket used to hold a strut in place on an automo-
bile. Welded to the auto body frame, the bracket cups the 
strut and secures it to the frame with a single bolt and a 
lock washer. Proper alignment is necessary for both smooth 
installation during assembly and future performance. For 
mounting purposes the left-side hole, A, must be aligned on 
center with the right-side hole, B. If the holes are centered 
directly opposite each other, in perfect alignment, then the 
angle between hole centers will measure 0°. The bracket 
is created by passing coils of flat steel through a series of 
progressive dies. As the steel moves through the press, the 
bracket is stamped, pierced, and finally bent into appropri-
ate shape.

Recently customers have been complaining about hav-
ing difficulty securing the bracket closed with the bolt 
and lock washer. The bolts have been difficult to slide 

q➛

FigurE c4.2.1  Bracket
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aSSignment

Create a cause-and-effect diagram and brainstorm poten-
tial root causes for the problem: difficulty securing brack-
ets closed with bolt and locknut.

PART 4
Through the use of a cause-and-effect diagram, the engi-
neers determine that the most likely cause of the problems 
experienced by the customer is the alignment of the holes.

At some stage in the formation process, the holes end 
up off center. Combining this information with the WHY-
WHY diagram conclusion that hole alignment was critical 
for smooth installation during assembly narrows the search 
for a root cause. Unfortunately, the team still doesn’t know 
why the holes are not properly aligned. They decide to 
create another cause-and-effect diagram that focuses on 
causes of improper hole alignment.

q➛
PART 3
Continuing in the problem-solving cycle, the team proceeds 
with Step 5. Plan: Problem Process, Document and Analyze 
the team visited the customer’s assembly plant to determine 
where the brackets were used in the process and how the 
assembly was actually performed. There they watched as 
the operator randomly selected a strut, a bracket, a bolt, 
and a locknut from different bins. The operator posi-
tioned the strut in place, wrapped the bracket around it, 
and secured it to the frame by finger-tightening the bolt 
and locknut. The operator then used a torque wrench to 
secure the assembly. While they watched, the operator had 
difficulty securing the assembly several times. Back at their 
plant, the team also created a flowchart for WP’s process 
of fabricating the bracket (Figure C4.2.2).

After completing the flow diagram and verifying that it 
was correct, the team moved on to Step 6. Plan: Determine 
Possible Causes. They decided to use a cause-and-effect 
diagram to guide their efforts in brainstorming potential 
root causes for the problem: difficulty securing brackets 
closed with bolt and locknut.

FigurE c4.2.2  Flowchart of Bracket-Fabrication Process
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holds the flat bracket in place during the bending operation 
does not securely hold the bracket in place. Changing the 
bracket fixture will be a relatively expensive undertaking. 
Although the engineers feel this change would eliminate 
the root cause of a problem as part of Step 7. Do: Iden-
tify, Select, and Implementing the Solution, the team has 
decided to create a force-field analysis before going to man-
agement to request funding to make the change.

aSSignment

Create a force-field analysis that describes the forces driv-
ing the change to the fixture as well as the forces prevent-
ing the change from happening. Use your imagination; 
problem solving is never as simple as “spend money.”

aSSignment

Describe the remaining steps that the team would take 
to finish the problem-solving process and ensure that the 
problem does not return.

q➛

q➛

aSSignment

Create a second cause-and-effect diagram that focuses on 
the root causes of improper hole alignment.

PART 5
At this point in the problem-solving process, it would be 
appropriate to use statistical information to determine 
whether the holes are truly not properly aligned. The team 
would confirm their suspicions during the next production 
run by having the press operator take samples and measure 
the angle between the centers of the holes for each sample. 
This data would then be utilized to create a histogram and 
compare the process performance with the specification for 
the angle between insert hole A and insert hole B of 0.00° 
with a tolerance of {0.30°. Hole alignment problems are 
confirmed through the use of histograms in Case Study 4.2,  
should you choose to use it. Histograms are one of the 
problem-solving techniques discussed in Step 6.

determining Possible Causes
Assuming that hole alignment problems exist and are 
measurable, the team continues with their investigation. By 
studying the process, they determined that the fixture that 

q➛
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q➛ L E A R N I N G  O P P O R T U N I T I E S

1. To review basic statistical concepts

2. To understand how to graphically and analytically study 
a process by using statistics

3. To know how to create and intercept a frequency dia-
gram and a histogram

4. To know how to calculate the mean, median, mode, 
range, and standard deviation for a given set of numbers

5. To understand the importance of the normal curve and 
the central limit theorem in quality assurance

6. To know how to find the area under a curve using the 
standard normal probability distribution (Z tables)

7. To understand how to interpret the information analyzed

C H A P T E R
F I V E

MAJOR TOPICS
 j Statistics
 j Use of Statistics in Quality Assurance
 j Populations versus Samples
 j Data Collection
 j Measurements: Accuracy, Precision, 
and Measurement Error

 j Data Analysis: Graphical
 j Data Analysis: Analytical
 j Central Limit Theorem
 j Normal Frequency Distribution
 j Confidence Intervals
 j Summary
 j Lessons Learned
 j Formulas
 j Chapter Problems
 j Case Study 5.1 Statistics
 j Case Study 5.2 Process Improvement

StatIStIcS

Each of the above statistics deals with the quality of 
life as we know it. We use statistics every day to define 
our expectations of life around us. Statistics, when 
used in quality assurance, define the expectations that 
the consumer and the designer have for the process. 
Processes and products are studied using statistics. 
This chapter provides a basic review of the statistical 
values most applicable to quality assurance.

Statistics If things were done right just 99.9 percent 
of the time, then we’d have to accept

 j One hour of unsafe drinking water per month
 j Two unsafe plane landings per day at O’Hare 

International Airport in Chicago
 j 16,000 pieces of mail lost by the U.S. Postal 

Service every hour
 j 20,000 incorrect drug prescriptions per year
 j 500 incorrect surgical operations each week
 j 22,000 checks deducted from the wrong bank 

accounts per hour
 j 32,000 missed heartbeats per person per year

— Original source unknown.

Vetkit/Fotolia
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In recent years there have been many highly publi-
cized incidents of on-line theft, including EBay (145 mil-
lion records accessed), Home Depot (109 million records 
accessed) and Target (40 million credit card numbers and 
70 million addresses) and even Domino’s Pizza (650,000 
records accessed). Because of the publicity they receive, 
a commonly held belief is that identity theft results from a 
breach of on-line security, however according to available 
statistics from the FTC, on-line identity theft accounts for 
just 15 percent  of the total. Having one’s wallet or purse 
stolen is the most common source of identity theft, at 
44 percent. Auto burglary accounts for 16 percent and 
home burglary 12 percent.

What are your perceptions of identity theft? Do they 
match the statistics? q➛
This first example encourages us to look beyond the 

face value of the statistics and ask questions. Asking ques-
tions to fully understand information is critical to correctly 
interpreting it. Statistical information should illuminate the 
user’s understanding of the issue or problem at hand. In the 
following example, statistical data are used to verify that 
the course of action taken in the example resulted in ben-
efits that outweighed the costs. Here, statistics have been 
correctly collected, tabulated, analyzed, interpreted, pre-
sented, and used to clarify the benefits of using seat belts.

Example 5.2 How Do We Know We’re Doing the 
Right Thing?
Many of us take driving a car lightly. Statistics show, how-
ever, that it can be downright dangerous. In the United 
States, the number one killer of people from age 1 to 54 
is motor vehicle crashes. Seat belt use is considered the 
most effective way to reduce injuries and their severity and 
save lives. According to the U.S. Centers for Disease Con-
trol (CDC) website, the use of seat belts reduces injuries 
and deaths by about 50 percent. 

Unfortunately, statistics show that not everyone 
buckles up. Teens are the least likely to buckle up. Adults 
living in rural areas use seat belts 78 percent of the time. 
Adults living in urban or suburban areas buckle up 88 
percent of the time. Seat belt use is lower in states with 
no seat belt laws, 80 percent versus 89 percent in states 
with laws. A report from the U.S. Department of Trans-
portation shows that seat belt usage has not increased 
dramatically in recent years, hovering at around 87 per-
cent. According to the American Automobile Association, 
traffic accidents cost the nation about $230 billion per 
year. If, as the CDC reports, seat belts reduce the risk of 
death by 45 percent and the risk of serious injury by 50 
percent, then the life and cost savings are definitely worth 
it. Do you wear your seat belt? q➛

USE OF StatIStIcS IN QUaLItY 
aSSURaNcE
Whether an organization is driving change through a Six 
Sigma, lean, or continuous improvement effort, statis-
tics can help. Correctly collected and analyzed, statistical 

StatIStIcS
Statistics help us understand everything from the weather 
to the census. Statistics, the collection, tabulation, analysis, 
interpretation, and presentation of numerical data, provide 
a viable method of supporting or clarifying a topic under 
discussion. Statistics are so commonplace that sometimes we 
accept statistics on their face value, without really determining 
whether they are correct. Misuses of statistics have lead peo-
ple to distrust them completely as these two quotations show:

Figures often beguile me, particularly when I have the 
 arranging of them myself; in which case the remark 
 attributed to Disraeli would often apply with justice and 
force: “There are three kinds of lies: lies, damned lies, 
and statistics.”*

—Mark Twain

He uses statistics as a drunk uses a street lamp, for sup-
port rather than illumination.*

—Andrew Lang

Correctly applied, statistics are the key that unlocks an 
understanding of process and system performance. In this 
chapter, we learn how to use statistics to illuminate our 
understanding of a situation, process, or product.

Example 5.1 Statistics
Statistics show that identity theft is the fastest growing 
crime in America. The Federal Trade Commission (FTC) 
records reveal that millions of identity theft incidents 
occur each year (Figures 5.1 and 5.2). Comparing these 
numbers with the U.S. adult population means that each 
minute nearly 7 percent or approximately 19 people fall 
victim to this crime. Some sources report that the total 
financial losses resulting from fraudulent use of someone’s 
identity exceeds $20 billion a year.

When someone steals an individual’s name and social 
security number, the information frequently results in 
the fraudulent use of government documents or benefits. 
Credit card fraud, phone or utilities fraud, loan fraud, 
 employment-related fraud, and bank fraud are also common.

FIGURE 5.1  Millions of identity theft victims per year
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* Quote by Mark Twain, 1904.
** Quote by Andrew Lang.
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800 white shirts and 200 blue. The store manager wishes 
to check that there actually are 20 percent blue shirts and 
80 percent white shirts. He doesn’t want to open all of 
the boxes and count all of the shirts, so he has decided to 
sample the population. Table 5.1 shows the results of 10 
random samples of 10 shirts each.

A greater number of blue shirts is found in some 
samples than in others. However, when the results are 
compiled, the blue shirts comprise 19 percent, very close 
to the desired value of 20 percent. The manager of the 
outlet store is pleased to learn that the samples have 
shown that there are approximately 20 percent blue shirts 
and 80 percent white. q➛
A sample will represent the population as long as the 

sample is random and unbiased. In a random sample, each 
item in the population has the same opportunity to be 
selected. A classic example of a nonrandom sample was a 
newspaper poll conducted in the 1940s. The poll was con-
ducted by telephone, in an era when only the wealthy had 
phones, and this caused the paper to incorrectly predict 

information can be used to understand and predict pro-
cess behavior. The five aspects of statistics—collection, 
tabulation, analysis, interpretation, and presentation—
are equally important when analyzing a process. Once 
gathered and analyzed, statistical data can be used to 
aid in decisions about making process changes or pur-
suing a particular course of action. Assumptions based 
on incomplete information can lead to incorrect deci-
sions, unwise investments, and uncomfortable working 
environments.

POPULatIONS VERSUS 
SaMPLES
Statistics can be gathered by studying either the entire 
collection of values associated with a process or only a 
portion of the values. A population is a collection of all 
possible elements, values, or items associated with a situ-
ation. A population can contain a finite number of things 
or it may be nearly infinite. The insurance forms a doctor’s 
office must process in a day or the number of cars a person 
owns in a lifetime are examples of finite populations. All 
the tubes of popular toothpaste ever made by a manufac-
turer over the product’s lifetime represent a nearly infinite 
population. Limitations may be placed on a collection of 
items to define the population.

As the size of a population increases, studying that 
population becomes unwieldy unless sampling can be used. 
A sample is a subset of elements or measurements taken 
from a population. The doctor’s office may wish to sam-
ple 10 insurance claim forms per week to check the forms 
for completeness. The manufacturer of toothpaste may 
check the weight of a dozen tubes per hour to ensure that 
the tubes are filled correctly. This smaller group of data is 
easier to collect, analyze, and interpret.

Example 5.3 Taking a Sample
An outlet store has just received a shipment of 1,000 
shirts sealed in cardboard boxes. The store had ordered 

FIGURE 5.2  Dollar loss in billions per year
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Sample 
Number

Sample 
Size

Number of 
White Shirts

Number of 
Blue Shirts

Percentage of 
Blue Shirts

1 10 8 2 20

2 10 7 3 30

3 10 8 2 20

4 10 9 1 10

5 10 10 0 0

6 10 7 3 30

7 10 8 2 20

8 10 9 1 10

9 10 8 2 20

10 10 7 3 20

Total 100 81 19 19

taBLE 5.1 A Sampling of Shirts
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sample of the population. Once samples are analyzed 
and interpreted, predictions can be made concerning the 
larger population of data. Quality assurance (and the U.S. 
census) relies primarily on inductive statistics. Properly 
gathered and analyzed, sample data provide a wealth of 
information.

In quality control, two types of numerical data can 
be collected. Variables data, those quality characteristics 
that can be measured, are treated differently from  attribute 
data, those quality characteristics that are observed to 
be either present or absent, conforming or nonconform-
ing. Although both variables and attribute data can be 
described by numbers, attribute data are countable, not 
measurable. Attribute data will always be a whole num-
ber because it counts the presence or absence of a chosen 
characteristic.

Variables data tend to be continuous in nature. When 
data are continuous, the measured value can take on any 
value within a range. Variables data are frequently meas-
ured in decimal fractions. The measuring instrument must 
be carefully chosen for its precision. The range of values 
that the measurements can take on will be set by the expec-
tations of the users or the circumstances surrounding the 
situation. For example, a manufacturer might wish to 
monitor the thickness of a part. During the course of the 
day, the samples may have values of 0.399, 0.402, 0.401, 
0.400, 0.401, 0.403, and 0.398 inch.

Discrete data consist of distinct parts. In other words, 
when measured, discrete data will be countable using 
whole numbers. For example, the number of frozen 
vegetable packages found on the shelf during an inven-
tory count—10 packages of frozen peas, 8 packages of 
 frozen corn, 22 packages of frozen Brussels sprouts—is 
discrete, countable data. Since vegetable packages can 
only be sold to customers when the packages are whole 
and unopened, only whole-numbered measurements will 
exist; continuous measurements would not be applicable 
in this case. Attribute data, since the data are seen as being 
either conforming or not conforming to specifications, are 
 primarily discrete data.

Data collection strategy should address the following 
points:

 j What is the purpose of the data to be collected?
 j What is the nature of the data to be collected? (Vari-

able or attribute?)
 j What are the characteristics of the data to be 

collected?
 j Does the data relate to a key quality characteristic?

Further discussion of data collection follows in this 
chapter and the next. A statistical analysis begins with 
the gathering of data about a process or product. Some-
times raw data gathered from a process take the form of 
ungrouped data. Ungrouped data are easily recognized 
because when viewed, it appears that the data are without 
any order. Grouped data, on the other hand, are grouped 

the results of a national presidential election (Figure 5.3). 
Statistical data quoted on TV and radio, in magazines and 
newspapers, and on the Internet may present an incomplete 
picture of the situation. When someone tells you that 9 out 
of 10 experts agree with their findings, in order to interpret 
and use this information it is critical to know how many 
were sampled, the size of the whole group, and the con-
ditions under which the survey was made. As previously 
discussed, in statistics, knowledge of the source of the data, 
the manner in which the data were collected, the amount 
sampled, and how the analysis was performed is necessary 
to determine the validity of the information presented. To 
put statistical values in perspective, you must find answers 
to such questions as

How was the situation defined?
Who was surveyed?
How many people were contacted?
How was the sample taken?
How were the questions worded?
Is there any ambiguity?

Data cOLLEctION
Two types of statistics exist: deductive and inductive. Also 
known as descriptive statistics, deductive statistics describe 
a population or complete group of data. When describing a 
population using deductive statistics, the investigator must 
study each entity within the population. This provides a 
great deal of information about the population, product, 
or process, but gathering the information is time consum-
ing. Imagine contacting each man, woman, and child in 
the United States, all 318 million of them, to conduct the 
national census!

When the quantity of the information to be studied is 
too great, inductive statistics are used. Inductive  statistics 
deal with a limited amount of data or a representative 

FIGURE 5.3  The Chicago Tribune, Eager to Get 
the Scoop, Ran a Headline about Harry Truman 
that Proved False
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measurements themselves and how they were taken. Meas-
urement error occurs while the measurements are being 
taken and recorded. Measurement error is considered to be 
the difference between a value measured and the true value. 
The error that occurs is one either of accuracy or of preci-
sion. Accuracy refers to how far from the actual or real 
value the measurement is. Precision is the ability to repeat 

together on the basis of when the values were taken or 
observed. Consider the following example.

Example 5.4 Grouping Data
A company manufactures various parts for automobile 
transmissions. One part, a clutch plate, resembles a flat 
round plate with four keyways stamped into it (Figure 5.4). 
Recently, the customer brought to the manufacturer’s 
attention the fact that not all of the keyways are being cut 
out to the correct depth. Returns and customer complaints 
waste time, material, energy, and effort.

The manufacturer asked the operator to measure 
each keyway in five parts every 15 minutes and record the 
measurements. Table 5.2 shows the results. When man-
agement started to analyze and interpret the data they 
were unable to do so. Why?

An investigation of this raw, ungrouped data reveals 
that there is no way to determine which measurements 
belong with which keyway. Which keyway is too deep? Too 
shallow? It is not possible to determine the answer.

To rectify this situation, during the stamping process, 
the manufacturer placed a small mark below one of the 
keyways (Figure 5.5). The mark labels that keyway as 
number 1. Clockwise around the part, the other keyways 
are designated 2, 3, and 4. The mark does not affect 
the use of the part. The operator was asked to measure 
the keyway depths again, five parts every 15 minutes 
(Table 5.3).

By organizing the data according to keyway, it could 
then be determined that keyway number 2 is too deep, 
and keyway number 4 is too shallow. q➛

MEaSUREMENtS: accURacY, 
PREcISION, aND  
MEaSUREMENt ERROR
The validity of a measurement not only comes from the 
selection of a sample size and an understanding of 
the group of data being measured, but also depends on the 

0.247 0.245 0.271

0.254 0.260 0.276

0.268 0.278 0.268

0.261 0.260 0.230

0.231 0.224 0.243

0.241 0.224 0.225

0.252 0.222 0.232

0.258 0.242 0.254

0.266 0.244 0.242

0.226 0.277 0.248

0.263 0.222 0.236

0.242 0.260 0.262

0.242 0.249 0.223

0.264 0.250 0.240

0.218 0.251 0.222

0.216 0.255 0.261

0.266 0.247 0.244

0.266 0.250 0.249

0.218 0.235 0.226

0.269 0.258 0.232

0.260 0.251 0.250

0.241 0.245 0.248

0.250 0.239 0.252

0.246 0.248 0.251

taBLE 5.2  Clutch Plate Ungrouped Data  
(in inches)

FIGURE 5.4  Clutch Plate

Specification
0.250 in.

FIGURE 5.5  Clutch Plate with Mark
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too, the difference in precision. Data for keyways 1 and 3 
are precise, tightly grouped around the target. Data values 
for keyways 2 and 4 are not only far away from the target, 
but also more spread out, less precise. Changes to this 
stamping process must be twofold, improving both the 
accuracy and the precision. q➛
If accuracy and precision are missing from the data, 

the validity of the information and conclusions will be 
questioned. Accuracy and precision play an important role 
in ensuring that the data collected are valuable to those 
interpreting and presenting it. To be accurate, the meas-
urement tool and operator technique used must provide a 
measure as close as possible to the true value. To be pre-
cise, the measurement tool and operator technique must be 
able to provide consistent readings on the same part over 
and over again. To ensure reproducibility, the operator 
technique must be able to produce the same value when 
measured by different operators at different times.

Measurement errors may contribute to the lack of 
accuracy and precision. Measurement errors are not always 
the fault of the individual performing the measuring. In 
any situation, several sources of error exist, including 
environment, people, and machine error. Environmental 
problems, such as with dust, dirt, temperature, and water, 
cause measurement errors by disturbing either the prod-
ucts or the measuring tools. A soiled measuring tool will 
produce a faulty reading as will a layer of dust or oil on a 
part. Temperature may change the dimensions of products.

The choice and care of measuring devices is critical. 
The measuring instruments utilized must be able to meas-
ure at an accuracy level one level greater than needed. For 
instance, if the customer requires readings of 0.0X then 
the measuring instrument must read to 0.00X. For exam-
ple, a meat thermometer reading at an accuracy level of 
ten degree increments (210, 220, 230, etc.) would not be 
appropriate for monitoring the temperature in a hospi-
tal sterilizer requiring an accuracy level of every one-half 
degree (210.5, 211.0 211.5, etc.). Proper care of measur-
ing instruments includes correct handling and storage as 
well as calibration checks. A systematic calibration pro-
gram verifies that the device is taking accurate readings 
of the items being measured. Calibration involves check-
ing the gauge measurement against a known dimension. 

a series of measurements and get the same value each time. 
Precision is sometimes referred to as repeatability.

Figure 5.6a pictures the concept of accuracy. The 
marks average to the center target. Figure 5.6b, with all of 
the marks clustered together, shows precision. Figure 5.6c 
describes a situation in which both accuracy and precision 
exist. Example 5.5 and Figures 5.6, 5.7, 5.8 and 5.9 illus-
trate the concepts of accuracy and precision.

Example 5.5 Accuracy and Precision
Accuracy and precision describe the location and the 
spread of the data. Look at Figures 5.7, 5.8, and 5.9 
showing the data from the clutch plate example. When 
compared, the difference in the keyways’ accuracy and 
precision becomes apparent. The data for keyways 1 and 
3 exhibit greater accuracy than that for keyways 2 and 4. 
Note how the data for keyways 1 and 3 are concentrated 
around the target specification of 0.250 inch. The data 
values for keyway 2 are greater than the desired target 
specification and those for keyway 4 are smaller. Notice, 

Keyway 1 Keyway 2 Keyway 3 Keyway 4

Subgroup   1 0.250 0.261 0.250 0.240

Subgroup   2 0.251 0.259 0.249 0.242

Subgroup   3 0.250 0.258 0.251 0.245

Subgroup   4 0.249 0.257 0.250 0.243

Subgroup   5 0.250 0.262 0.250 0.244

Subgroup   6 0.251 0.260 0.249 0.245

Subgroup   7 0.251 0.258 0.250 0.241

Subgroup   8 0.250 0.259 0.249 0.247

Subgroup   9 0.250 0.257 0.250 0.245

Subgroup 10 0.249 0.256 0.251 0.244

Subgroup 11 0.250 0.260 0.250 0.243

Subgroup 12 0.251 0.258 0.251 0.244

Subgroup 13 0.250 0.257 0.250 0.245

Subgroup 14 0.250 0.256 0.249 0.246

Subgroup 15 0.250 0.257 0.250 0.246

taBLE 5.3  Clutch Plate Grouped Data  
(in inches)

FIGURE 5.6  Accuracy and Precision

Accurate

(a)

Precise

(b)

Accurate and
precise

(c)
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FIGURE 5.7  Data for Keyways 1 and 2 Comparing Accuracy and Precision
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FIGURE 5.8  Data for Keyways 3 and 4 Comparing Accuracy and Precision
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FIGURE 5.9  Data for Keyways 1 and 3 Are Both Accurate and Precise While Data 
for Keyways 2 and 4 Are Not
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graphical methods exist, including the frequency diagram 
and the histogram.

Frequency Diagrams
A frequency diagram shows the number of times each of 
the measured values occurred when the data were collected. 
This diagram can be created either from measurements 
taken from a process or from data taken from the occur-
rences of events. When compared with the raw, ungrouped 
data, this diagram shows at a glance which values occur the 
most frequently as well as the spread of the data. To cre-
ate a frequency diagram, the following steps are necessary:

1. Collect the data. Record the measurements or counts 
of the characteristics of interest.

2. Count the number of times each measurement or count 
occurs.

3. Construct the diagram by placing the counts or meas-
ured values on the x axis and the frequency or number 
of occurrences on the y axis. The x axis must contain 
each possible measurement value from the lowest to 
the highest, even if a particular value does not have 
any corresponding measurements. A bar is drawn on 
the diagram to depict each of the values and the num-
ber of times the value occurred in the data collected.

4. Interpret the frequency diagram. Study the diagrams 
you create and think about the diagram’s shape, size, 
and location in terms of the desired target specifica-
tion. We learn more about interpreting frequency dia-
grams later in the chapter.

Example 5.6 Clutch Plate: Constructing a 
Frequency Diagram
To respond to customer issues, the engineers involved in 
the clutch plate problem are studying the thickness of the 
part. To gain a clearer understanding of incoming material 
thickness, they plan to create a frequency diagram for the 
grouped data shown in Table 5.4.

Step 1. Collect the Data. The first step is performed by 
the operator, who randomly selects five parts each hour, 
measures the thickness of each part, and records the values 
(Table 5.4).

Step 2. Count the Number of Times Each Measurement 
Occurs. A check sheet, or tally sheet (as described in 
Chapter 3), is used to make this step easier (Figure 5.10).

Step 3. Construct the Diagram. The count of the number of 
times each measurement occurred is placed on the y axis. 
The values, between 0.0620 and 0.0632, are each marked 
on the x axis. The completed frequency diagram is shown 
in Figure 5.11.

Step 4. Interpret the Frequency Diagram. This frequency 
distribution is nearly symmetrical, but there is only one 
occurrence of the value 0.0629. The engineers should 
definitely investigate why this is so. q➛

Recalibration should be done periodically to ensure that no 
measuring error exists. Recalibration should also be done 
after any improper handling occurs, such as dropping.

Significant figures and associated rounding errors 
affect the viability of a measurement. Significant figures 
are the numerals or digits in a number, excluding any lead-
ing zeros used to place the decimal point. Zeros following 
a digit—for example, 9.700—are significant if they have 
truly been measured. When working a statistical problem, 
you should use only the number of digits that the measur-
ing devices are able to provide. If a micrometer reads to 
three decimal places, then all mathematical calculations 
should be worked to no more than three decimal places. 
With today’s computers and calculators, there is a tempta-
tion to use all the numbers that appear on the screen. Since 
the measuring device may not have originally measured to 
that many decimal places, the number should be rounded 
to the original number of significant figures. Calculations 
are performed and then rounded to the number of signifi-
cant figures present in the value with the smallest number 
of significant figures. When rounding, round to the next 
highest number if the figure is a 5 or greater. If the figure is 
4 or below, round down. Consider the following examples:

 23.6 , 3.8 = 6.2 
 (3.8 has fewest significant figures)

 3,456 , 12.3 = 281 
 (12.3 has three significant figures)

 3.2 * 102 + 6,930 = 7.3 * 103 
 (3.2 * 102 has two significant figures)

 6,983 , 16.4 = 425.79268 = 426 when rounded

Human errors associated with measurement errors 
can be either unintentional or intentional. Unintentional 
errors result from poor training, inadequate procedures, 
or incomplete or ambiguous instructions. These types 
of errors can be minimized by good planning, training, 
and supervision. Intentional errors are rare and are usu-
ally related to poor attitudes; they will require improving 
employee relations and individual guidance to solve.

Proper measuring is critical to monitoring and con-
trolling any process. A measurement is only as good as 
the person’s reading of the measuring device, combined 
with the accuracy and precision of the measuring device 
itself. Those utilizing the measuring equipment must have 
the appropriate training and have been taught proper han-
dling procedures. Proper care of measuring instruments 
and correct training of those using them will ensure that 
the raw data obtained with measuring instruments will 
be reliable. If this is an incorrect assumption, then any 
conclusions based on the data and subsequent analysis 
are useless.

Data aNaLYSIS: GRaPHIcaL
A thorough statistical analysis of the data that has been 
gathered involves three aspects: graphical, analytical, and 
the interpretation of both of these. A variety of different 
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Subgroup   1 0.0625 0.0626 0.0624 0.0625 0.0627

Subgroup   2 0.0624 0.0623 0.0624 0.0626 0.0625

Subgroup   3 0.0622 0.0625 0.0623 0.0625 0.0626

Subgroup   4 0.0624 0.0623 0.0620 0.0623 0.0624

Subgroup   5 0.0621 0.0621 0.0622 0.0625 0.0624

Subgroup   6 0.0628 0.0626 0.0625 0.0626 0.0627

Subgroup   7 0.0624 0.0627 0.0625 0.0624 0.0626

Subgroup   8 0.0624 0.0625 0.0625 0.0626 0.0626

Subgroup   9 0.0627 0.0628 0.0626 0.0625 0.0627

Subgroup 10 0.0625 0.0626 0.0628 0.0626 0.0627

Subgroup 11 0.0625 0.0624 0.0626 0.0626 0.0626

Subgroup 12 0.0630 0.0628 0.0627 0.0625 0.0627

Subgroup 13 0.0627 0.0626 0.0628 0.0627 0.0626

Subgroup 14 0.0626 0.0626 0.0625 0.0626 0.0627

Subgroup 15 0.0628 0.0627 0.0626 0.0625 0.0626

Subgroup 16 0.0625 0.0626 0.0625 0.0628 0.0627

Subgroup 17 0.0624 0.0626 0.0624 0.0625 0.0627

Subgroup 18 0.0628 0.0627 0.0628 0.0626 0.0630

Subgroup 19 0.0627 0.0626 0.0628 0.0625 0.0627

Subgroup 20 0.0626 0.0625 0.0626 0.0625 0.0627

Subgroup 21 0.0627 0.0626 0.0628 0.0625 0.0627

Subgroup 22 0.0625 0.0626 0.0628 0.0625 0.0627

Subgroup 23 0.0628 0.0626 0.0627 0.0630 0.0627

Subgroup 24 0.0625 0.0631 0.0630 0.0628 0.0627

Subgroup 25 0.0627 0.0630 0.0631 0.0628 0.0627

Subgroup 26 0.0630 0.0628 0.0629 0.0628 0.0627

Subgroup 27 0.0630 0.0628 0.0631 0.0628 0.0627

Subgroup 28 0.0632 0.0632 0.0628 0.0631 0.0630

Subgroup 29 0.0630 0.0628 0.0631 0.0632 0.0631

Subgroup 30 0.0632 0.0631 0.0630 0.0628 0.0628

taBLE 5.4 Clutch Plate Grouped Data for Thickness (in inches)

FIGURE 5.10  Clutch Plate Thickness Tally Sheet
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FIGURE 5.11  Clutch Plate Thickness Frequency 
 Distribution (Coded 0.06)
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centers of cells. A cell interval is the distance between 
the cell midpoints. The cell boundary defines the limits 
of the cell.

Cell Intervals Odd-numbered cell intervals are often cho-
sen for ease of calculation. For example, if the data were 
measured to one decimal place, then the cell intervals 
could be 0.3, 0.5, 0.7, or 0.9. If the gathered data were 
measured to three decimal places, then the cell intervals to 
choose from would be 0.003, 0.005, 0.007, and 0.009. 
(The values of 1, 0.1, and 0.001 are not chosen for a histo-
gram because they result in the creation of a frequency dia-
gram.) For this example, because the data were measured 
to four decimal places, the cell interval could be 0.0003, 
0.0005, 0.0007, or 0.0009.

Cell interval choice plays a large part in the size of the 
histogram created. To determine the number of cells, the 
following formula is used:

h =
R
i

+ 1

where

 h = number of cells
 i = cell interval

 R = range

Since both i, the cell interval, and h, the number of cells, 
are unknown, creators of histograms must choose values 
for one of them and then solve for the other. For our exam-
ple, if we choose a cell interval of 0.0003,

 h =
0.0012
0.0003

+ 1

 h = 5

The histogram created will contain 5 cells.

Histograms
Histograms and frequency diagrams are very similar. The 
most notable difference between the two is that on a histo-
gram the data are grouped into cells. Each cell contains a 
range of values. This grouping of data results in fewer cells 
on the graph than with a frequency diagram. The differ-
ence is easy to see. Figure 5.11 shows a frequency diagram 
with one data type per cell. Figure 5.14 shows the same 
information grouped into cells for a histogram. The x axis 
scale on a histogram will indicate the cell midpoints rather 
than individual values.

Construction of Histograms Histograms begin in the same 
manner as are frequency diagrams. The data are collected 
and grouped, then a check sheet is used to tally the number 
of times each measurement occurs. At this point, the process 
becomes more complex because of the need to create the 
cells. Use the following steps to create a histogram. Example 
5.7 provides details on the construction of a histogram.

Step 1. Collect the data and construct a tally sheet.

Step 2. Calculate the range.

Step 3. Create the cells by determining the cell intervals, 
midpoints, and boundaries.

Step 4. Label the axes.

Step 5. Post the values.

Step 6. Interpret the histogram.

Example 5.7 Clutch Plate: Constructing a 
Histogram
The engineers working with the thickness of the clutch 
plate have decided to create a histogram to aid in their 
analysis of the process. They are following these steps:

Step 1. Collect the Data and Construct a Tally Sheet. The 
engineers will use the data previously collected (Table 5.4) 
as well as the tally sheet created during the construction of 
the frequency diagram (Figure 5.10).

Step 2. Calculate the Range. The range, represented by the 
letter R, is calculated by subtracting the lowest observed 
value from the highest observed value. In this case, 0.0620 
is the lowest value and 0.0632 is the highest:

Range = R = Xh - Xl

where

 R = range

 Xh = highest number

 Xl = lowest number

 R = 0.0632 - 0.0620 = 0.0012

Step 3. Create the Cells by Determining the Cell 
Intervals, Midpoints, and Boundaries. In a histogram, 
data are combined into cells. Cells are composed of 
three components: cell intervals, cell midpoints, and 
cell boundaries (Figure 5.12). Cell midpoints identify the 

FIGURE 5.12  Histogram Cell Description

Cell midpoint Cell boundary

Cell interval

Cell
boundary
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add 0.0003 to each successive new midpoint. Starting 
with a midpoint of 0.06215, we find the other midpoints 
at 0.06245, 0.06275, 0.06305, and 0.06335.

Cell Boundaries The cell size, set by the boundaries of the 
cell, is determined by the cell midpoints and the cell in-
terval. Locating the cell boundaries, or the limits of the 
cell, allows the user to place values in a particular cell. To 
determine the lower cell boundary, divide the cell interval 
by 2 and subtract that value from the cell midpoint. To cal-
culate the lower cell boundary for a cell with a midpoint of 
0.0620, the cell interval is divided by 2:

0.0003 , 2 = 0.00015

Then, subtract 0.00015 from the cell midpoint,

0.0620 - 0.00015 = 0.06185, the first lower boundary

To determine the upper cell boundary for a midpoint of 
0.0620, add the cell interval to the lower cell boundary:

0.06185 + 0.0003 = 0.06215

The lower cell boundary of one cell is the upper cell bound-
ary of another. Continue adding the cell interval to each 
new lower cell boundary calculated until all the lower cell 
boundaries have been determined.

Note that the cell boundaries are a half decimal value 
greater in accuracy than the measured values. This is to 
help ensure that values can be placed in only one cell of a 
histogram. In our example, the first cell will have bounda-
ries of 0.06185 and 0.06215. The second cell will have 
boundaries of 0.06215 and 0.06245. Where would a data 
value of 0.0621 be placed? Obviously in the first cell. Cell 
intervals, with their midpoint values starting at 0.0620, 
are shown in Figure 5.13.

Step 4. Label the Axes. Scale and label the horizontal axis 
according to the cell midpoints determined in Step 3. Label 
the vertical axis to reflect the amount of data collected, in 
counting numbers.

Step 5. Post the Values. The final step in the creation of a 
histogram is to post the values from the check sheet to the 
histogram. The x axis is marked with the cell midpoints and, 
if space permits, the cell boundaries. The cell boundaries 
are used to guide the creator when posting the values to 
the histogram. On the y axis, the frequency of those values 
within a particular cell is shown. All the data must be 
included in the cells (Figure 5.14).

Step 6. Interpret the Histogram. As we can see in 
Figure  5.14, the data are grouped around 0.0626 and 
are somewhat symmetrical. In the following sections, we 
will study histogram shapes, sizes, and locations when 
compared to a desired target specification. We will also 

For a cell interval value of 0.0005:

 h =
0.0012
0.0005

+ 1

 h = 3

For a cell interval value of 0.0007:

 h =
0.0012
0.0007

+ 1

 h = 3

As the cell interval gets larger, the number of cells neces-
sary to hold all the data and make a histogram decreases. 
When deciding the number of cells to use, it is sometimes 
helpful to follow this rule of thumb:

For fewer than 100 pieces of data, use 4 to 9 cells.

For 100 to 500 pieces of data, use 8 to 17 cells.

For 500 or more, use 15 to 20 cells.

Another helpful rule of thumb exists for determining the 
number of cells in a histogram. Use the square root of 
n (1n), where n is the number of data points, as an approx-
imation of the number of cells needed.

For this example, we will use a cell interval of 0.0003. 
This will create a histogram that provides enough spread 
to analyze the data.

Cell Midpoints When constructing a histogram, it is impor-
tant to remember two things: (1) histograms must contain 
all of the data; (2) one particular value cannot fit into two 
different cells. Cell midpoints are selected to ensure that 
these problems are avoided. To determine the midpoint val-
ues that anchor the histogram, use either one of the follow-
ing two techniques.

The simplest technique is to choose the lowest value 
measured. In this example, the lowest measured value is 
0.0620. Other midpoint values are determined by adding 
the cell interval of 0.0003 to 0.0620 first and then adding 
it to each successive new midpoint. If we begin at 0.0620, 
we find the other midpoints at 0.0623, 0.0626, 0.0629, 
and 0.0632.

If the number of values in the cell is high and the 
distance between the cell boundaries is not large, the mid-
point is the most representative value in the cell.

A second method of determining the midpoint of the 
lowest cell in the histogram is the following formula:

MPl = Xl +
i
2

In this formula, MPl is the midpoint of the lowest cell. The 
lowest value in the distribution (Xl) becomes the first value 
in the lowest cell.

Using this formula for this example, the first midpoint 
would be

MPl = 0.0620 +
0.0003

2
= 0.06215

The remaining midpoint values are determined in the 
same manner as before. Beginning with the lowest mid-
point, 0.06215, add the cell interval of 0.0003, and then FIGURE 5.13  Cell Boundaries and Midpoints
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FIGURE 5.17  Skewness

Positive Skew: Skewed to right

Tail

Tail

the right, the majority of the data are found on the left 
side of the figure, with the tail of the distribution going 
to the right. The opposite is true for a distribution that is 
skewed to the left.

Kurtosis describes the peakedness of the distribution. A 
distribution with a high peak is referred to as  leptokurtic; 
a flatter curve is called platykurtic (Figure 5.18). Typically, 
the kurtosis of a histogram is discussed by comparing it 
with another distribution. As we will see later in the chap-
ter, skewness and kurtosis can be calculated numerically. 
Occasionally distributions will display unusual patterns. If 
the distribution displays more than one peak, it is consid-
ered multimodal. Distributions with two distinct peaks are 
called bimodal (Figure 5.19).

utilize measures such as means, modes, and medians to 
create a clear picture of where the data are grouped (the 
central tendency of the data). Standard deviations and 
ranges will be used to measure how the data are dispersed 
around the mean. These statistical values will be used to 
fully describe the data comprising a histogram. q➛

Analysis of Histograms Shape, location, and spread 
are the characteristics used to describe a distribution 
(Figure 5.15).

Shape: Symmetry, Skewness, Kurtosis Shape refers to 
the form that the values of the measurable characteristics 
take on when plotted or graphed. Tracing a smooth curve 
over the tops of the rectangular areas used when graph-
ing a histogram clarifies the shape of a histogram for the 
viewer (Figure 5.16). Identifiable characteristics include 
 symmetry, or, in the case of lack of symmetry, skewness 
of the data; kurtosis, or peakedness of the data; and modes, 
the number of peaks in the data.

When a distribution is symmetrical, the two halves are 
mirror images of each other. The two halves correspond 
in size, shape, and arrangement (Figure 5.16). When a dis-
tribution is not symmetrical, it is considered to be skewed 
(Figure 5.17). With a skewed distribution, the majority 
of the data are grouped either to the left or the right of a 
center value, and on the opposite side a few values trail 
away from the center. When a distribution is skewed to 

FIGURE 5.14  Clutch Plate Thickness Histogram
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FIGURE 5.16  Symmetrical Histogram with 
Smooth Curve Overlay

FIGURE 5.15  Shape, Location, and Spread
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as gaps or unusual occurrences, can be seen at a glance 
(Figure 5.21).

Cumulative Frequency Distribution
A cumulative frequency distribution shows the cumulative 
occurrences of all the values; the values from each preced-
ing cell are added to the next cell until the uppermost cell 
boundary is reached. Unlike a histogram, the cumulative 
frequency distribution adds the previous cell’s number of 
occurrences to the next cell. Figure 5.24 shows a cumu-
lative frequency distribution made from the information 
from Figure 5.23, type B dashboards.

Data aNaLYSIS: aNaLYtIcaL
More analytical methods of describing histograms exist. 
Though shape was easily seen from a picture, the location 
and spread can be more clearly identified mathematically. 
Location is described by measures of central tendency: the 
mean, mode, and median. Spread is defined by measures of 
dispersion: the range and standard deviation.

Location: Measures of Central Tendency
Averages, medians, and modes are the statistical values that 
define the center of a distribution. Since they reveal the 
place where the data tend to be gathered, these values are 
commonly called the measures of central tendency.

Mean The mean of a series of measurements is determined 
by adding the values together and then dividing this sum by 
the total number of values. When this value is calculated for 
a population, it is referred to as the mean and is signified by 
m. When this value is calculated for a sample, it is called the 
average and is signified by X (X bar). Means and averages can 
be used to judge whether a group of values is accurate. To cal-
culate the mean of a population, use the following formula:

m =
X1 + X2 + X3 + g + Xn

n
 =

an
i = 1

Xi

n

where

 m =  mean value of the series of measurements
 X1, X2, c, Xn = values of successive measurements

 n = number of readings

Example 5.8 Analyzing the Distribution 
Sue’s cereal manufacturing department has been monitor-
ing the sugar content in a production run of cereal. Meas-
urements have been taken every 15 minutes and plotted 
in a histogram. At the end of each day, Sue and Elizabeth, 
the company’s nutritionist, discuss the distribution over 
the phone. Figure 5.20 shows the distribution that Sue 
now wants to describe to Elizabeth, who does not have the 
graph. Before she phones, what words should Sue jot down 
to clearly describe the distribution to Elizabeth?

In this case, the graph clearly shows two peaks in 
the data, one at 10.5 grams and the second at 14 grams. 
This bimodal distribution tells Sue and Elizabeth that 
the sugar concentration in the cereal produced this day 
peaked at two different points. The graph also shows a 
wide spread to the data, from 6 to 17 grams, as well 
as being skewed to the left. Sugar concentration in this 
particular cereal has not been consistent during the day’s 
production run. q➛
Example 5.9 Clutch Plate: Analyzing  
the Histogram 
Analyzing Figure 5.14 based on the three characteristics 
of shape, location, and spread reveals that the clutch plate 
thickness data are fairly consistent. The shape of the distri-
bution is relatively symmetrical, though skewed slightly to 
the right. The data are unimodal, centering on 0.0626 inch. 
Since we have no other distributions of the same type of prod-
uct, we cannot make any comparisons or comments on the 
kurtosis of the data. Location, or where the data are located or 
gathered, is around 0.0626. If the  engineers have specifica-
tions of 0.0625 { 0.0003, then the center of the distribu-
tion is higher than the desired value. Given the specifications, 
the spread of the data is broader than the desired 0.0622 to 
0.0628 at 0.0620 to 0.0632. Further mathematical analysis 
with techniques covered later in this chapter will give us an 
even clearer picture of the data. q➛
Histograms provide a visual description of the infor-

mation under study. Discrepancies in the data, such 

FIGURE 5.20  Cereal Sugar Content

N
um

be
r 

of
 o

cc
ur

re
nc

es

8
10

6
4
2

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Sugar content, in gramsFIGURE 5.18  Leptokurtic and Platykurtic

Leptokurtic Platykurtic

FIGURE 5.19  Bimodal Distribution

Bimodal

M05B_SUMM3273_06_SE_C05.indd   139 10/31/16   5:39 PM



140 CHAPTER FIVE

Automobile manufacturers and their suppliers are constantly look-
ing for new plastic and composite materials that will be resistant 
to cracking, chipping, and discoloration. Engineers at Plastics 
and Dashes’ labs are measuring the size of cracks in a group of 
dashboards that has completed a rigorous series of tests designed 
to mimic stressful environmental conditions. The dashboards have 
come from two different lots of plastic. Figure 5.22 shows a histo-
gram of the crack sizes.

Upon learning that two different lots of dashboards have been 
combined, the head of the lab asks that the data be separated 

according to lot and two histograms be created (Figure 5.23). 
Data from two different populations should not be mixed into one 
statistical analysis. Now it is clear to all who view the chart that 
type A dashboards have a histogram that is slightly skewed to the 
left, and type B dashboards have a histogram that is skewed to 
the right. Type B’s histogram is more leptokurtic than type A’s. 
This means that type A’s cracks vary more widely in size com-
pared with type B’s cracks.

Reading Histograms REaL tOOLS for REaL LIFEq➛

FIGURE 5.21  Discrepancies in Histograms

Operator rounds up to meet
lower specification unit.

Gap in data could be related to
two populations of parts being
mixed or to faulty inspection.

Operator/inspector rounds
part dimension measurement
up or down to stay within
specifications.

Lower
specification
limit

Lower
specification
limit

Upper
specification
limit

The same formula can be used to calculate the aver-
age associated with a sample. To calculate the average of 
a sample, use the following formula:

X =
Xs1 + Xs2 + Xs3 + g + Xsn

n
=

an
i = 1

Xi

n

where

 X =  average value of the sample 
measurements

 Xs1, Xs2, c, Xsn = values of sample measurements
 n = number of readings

Example 5.10 Clutch Plate: Determining the Mean 
Averages for each of the subgroups for the thicknesses of 
the clutch plate can be calculated.

1. Calculate the sum of each set of subgroup values:
Subgroup 1:

 ΣX1 = 0.0625 + 0.0626 + 0.0624 
  + 0.0625 + 0.0627

  = 0.3127

2. Calculate the subgroup average by dividing the sum by 
the number of samples in the subgroup (n = 5):
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FIGURE 5.22  Histogram for Crack Sizes in 
Dashboards
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FIGURE 5.23  Histogram for Crack Sizes by 
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FIGURE 5.24  Cumulative Frequency Distribution
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have been calculated, a grand average for all of the sub-
groups can be found by dividing the sum of the subgroup 
sums by the total number of items (samples) taken in all 
of the subgroups (150). A grand average is designated as 
X (X double bar):

 X =
0.3127 + 0.3122 + 0.3121 + 0.3114 + g + 0.3149

150

 =
9.3990

150
 = 0.0627

Notice that an average of the averages is not taken. 
Taking an average of the averages will work only when the 
sample sizes are constant. Use the sums of each of the 
subgroups to perform the calculation. q➛

Median The median is the value that divides an ordered 
series of numbers so that there is an equal number of values 
on either side of the center, or median, value. An ordered 
series of data has been arranged according to their magnitude. 
Once the values are placed in order, the median is the value 
of the number that has an equal number of values to its left 
and right. In the case of finding a median for an even number 
of values, the two center values of the ordered set of numbers 
are added together and the result is divided by 2. Figure 5. 25 
shows the calculation of two medians.

Example 5.11 Clutch Plate: Determining the 
Median 
From the check sheet (Figure 5.10) the median of the 
clutch plate thickness data can be found. When the data 
are placed in an ordered series, the center or median 

  Subgroup 1:

 X =
0.0625 + 0.0626 + 0.0624 + 0.0625 + 0.0627

5

 =
0.3127

5
 = 0.0625

Table 5.5 gives a list of the sums and averages calculated 
for this example. Once the averages for each subgroup 

q➛
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ΣXi X

Subgroup   1 0.0625 0.0626 0.0624 0.0625 0.0627 0.3127 0.0625

Subgroup   2 0.0624 0.0623 0.0624 0.0626 0.0625 0.3122 0.0624

Subgroup   3 0.0622 0.0625 0.0623 0.0625 0.0626 0.3121 0.0624

Subgroup   4 0.0624 0.0623 0.0620 0.0623 0.0624 0.3114 0.0623

Subgroup   5 0.0621 0.0621 0.0622 0.0625 0.0624 0.3113 0.0623

Subgroup   6 0.0628 0.0626 0.0625 0.0626 0.0627 0.3132 0.0626

Subgroup   7 0.0624 0.0627 0.0625 0.0624 0.0626 0.3126 0.0625

Subgroup   8 0.0624 0.0625 0.0625 0.0626 0.0626 0.3126 0.0625

Subgroup   9 0.0627 0.0628 0.0626 0.0625 0.0627 0.3133 0.0627

Subgroup 10 0.0625 0.0626 0.0628 0.0626 0.0627 0.3132 0.0626

Subgroup 11 0.0625 0.0624 0.0626 0.0626 0.0626 0.3127 0.0625

Subgroup 12 0.0630 0.0628 0.0627 0.0625 0.0627 0.3134 0.0627

Subgroup 13 0.0627 0.0626 0.0628 0.0627 0.0626 0.3137 0.0627

Subgroup 14 0.0626 0.0626 0.0625 0.0626 0.0627 0.3130 0.0626

Subgroup 15 0.0628 0.0627 0.0626 0.0625 0.0626 0.3132 0.0626

Subgroup 16 0.0625 0.0626 0.0625 0.0628 0.0627 0.3131 0.0626

Subgroup 17 0.0624 0.0626 0.0624 0.0625 0.0627 0.3126 0.0625

Subgroup 18 0.0628 0.0627 0.0628 0.0626 0.0630 0.3139 0.0627

Subgroup 19 0.0627 0.0626 0.0628 0.0625 0.0627 0.3133 0.0627

Subgroup 20 0.0626 0.0625 0.0626 0.0625 0.0627 0.3129 0.0626

Subgroup 21 0.0627 0.0626 0.0628 0.0625 0.0627 0.3133 0.0627

Subgroup 22 0.0625 0.0626 0.0628 0.0625 0.0627 0.3131 0.0626

Subgroup 23 0.0628 0.0626 0.0627 0.0630 0.0627 0.3138 0.0628

Subgroup 24 0.0625 0.0631 0.0630 0.0628 0.0627 0.3141 0.0628

Subgroup 25 0.0627 0.0630 0.0631 0.0628 0.0627 0.3143 0.0629

Subgroup 26 0.0630 0.0628 0.0620 0.0628 0.0627 0.3142 0.0628

Subgroup 27 0.0630 0.0628 0.0631 0.0628 0.0627 0.3144 0.0629

Subgroup 28 0.0632 0.0632 0.0628 0.0631 0.0630 0.3153 0.0631

Subgroup 29 0.0630 0.0628 0.0631 0.0632 0.0631 0.3152 0.0630

Subgroup 30 0.0632 0.0631 0.0630 0.0628 0.0628 0.3149 0.0630

9.3981

taBLE 5.5 Clutch Plate Thickness: Sums and Averages

FIGURE 5.25  Calculating Medians
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Median = 25

1 2 4 1 5 2 6 7
Unordered set of numbers

1 1 2 2 4 5 6 7
Ordered set of numbers

Median = (2 + 4) , 2 = 3

number is found to be 0.0626. Each measurement must 
be taken into account when calculating a median. Do not 
use solely the cell midpoints of a frequency diagram or a 
histogram. q➛

Mode The mode is the most frequently occurring number 
in a group of values. In a set of numbers, a mode may or 
may not occur (Figure 5.26). A set of numbers may also 
have two or more modes. If a set of numbers or measure-
ments has one mode, it is said to be unimodal. If it has two 
numbers appearing with the same frequency, it is called 
bimodal. Distributions with more than two modes are 
referred to as multimodal. In a frequency distribution or a 
histogram, the cell with the highest frequency is the mode.

Example 5.12 Clutch Plate: Determining the Mode 
The mode can be found for the clutch plate thickness data. 
The check sheet (Figure 5.10) clearly shows that 0.0626 
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have different values. From previous examples, the values 
for the clutch plate are

 Average = 0.0627 inch

 Median = 0.0626 inch

 Mode = 0.0626 inch

As seen in the frequency diagram (Figure 5.28), the 
mode marks the peak of the distribution. The average, 
slightly to the right of the mode and median, pulls the 
distribution to the right. This slight positive skew is due 
to the high values for clutch plate thickness that occur in 
later samples. q➛

Spread: Measures of Dispersion
The range and standard deviation are two measurements 
that enable the investigator to determine the spread of the 
data, that is, where the values fall in relation to each other 
and to the mean. Because these two describe where the 
data are dispersed on either side of a central value, they 
are often referred to as measures of dispersion. Used in 

is the most frequently occurring number. It is tallied  
30 times. q➛

The Relationship Among the Mean, Median, and Mode As 
measures of central tendency, the mean, median, and mode 
can be compared with each other to determine where the 
data are located. Measures of central tendency describe the 
center position of the data. They show how the data tend 
to build up around a center value. When a distribution 
is symmetrical, the mean, mode, and median values are 
equal. For a skewed distribution, the values will be differ-
ent (Figure 5.27). Comparing the mean (average), mode, 
and median determines whether a distribution is skewed 
and, if it is, in which direction.

Example 5.13 Clutch Plate: Seeing  
the Relationship 
Knowing the average, median, and mode of the clutch 
plate data provides information about the symmetry of the 
data. If the distribution is symmetrical, the average, mode, 
and median values will be equal. A skewed distribution will 

FIGURE 5.26  Calculating Modes

23 25 26 27 28 29 25 22 24 24 25 26 25
Unordered set of numbers

22 23 24 24 25 25 25 25 26 26 27 28 29
Ordered set of numbers

Mode = 25

1 3 4 1 5 2 6 6 7
Unordered set of numbers

1 1 2 3 4 5 6 6 7
Ordered set of numbers

Bimodal = 1 and 6

100 101 103 104 106 107
No mode

658 659 659 659 670 670 670 671 672 672 672 674 674
Multimodal: 659, 670, 672

FIGURE 5.27  Comparison of Mean, Mode, and Median
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FIGURE 5.28  Comparison of Mean, Mode, and 
Median for the Clutch Plate

N
um

be
r 

of
 o

cc
ur

re
nc

es
30

28

26

24

22

20

18

16

14

12

10

8

6

4

2

20 21 22 23 24 25 26 27 28 29 30 31 32 33

M
ed

ia
n,

 M
od

e

A
ve

ra
ge

Standard Deviation The range shows where each end of 
the distribution is located, but it doesn’t tell how the data 
are grouped within the distribution. In Figure 5.29, the 
three distributions have the same average and range, but 
all three are different. The standard deviation shows the 
dispersion of the data within the distribution. It describes 
how the individual values fall in relation to their means, 
the actual amount of variation present in a set of data. The 
standard deviation, because it uses all of the measurements 
taken, provides more reliable information about the disper-
sion of the data. The range considers only the two extreme 
values in its calculation, giving no information concerning 
where the values may be grouped. Since it only considers 
the highest and lowest values, the range has the disadvan-
tage of becoming a less accurate description of the data as 
the number of readings or sample values increases. The 
range is best used with small populations or small sample 
sizes of less than 10 values. However, since the range is 

conjunction with the mean, mode, and median, these val-
ues create a more complete picture of a distribution.

Range As was pointed out in the discussion of the histogram 
earlier in this chapter, the range is the difference between the 
highest value in a series ofvalues or sample and the lowest 
value in that same series. A range value describes how far the 
data spread. All of the other values in a population or sample 
will fall between the highest and lowest values:

R = Xh - X1

where

 R = range
 Xh = highest value in the series
 Xl = lowest value in the series

Example 5.14 Clutch Plate: Calculating  
Range Values 
The flat round plate data comprises subgroups of sample 
size five (Table 5.5). For each sample, a range value can 
be calculated. For example:

Subgroup 1 0.0625 0.0626 0.0624 0.0625 0.0627

Range = Xh - Xl = 0.0627 - 0.0624 = 0.0003

Subgroup 2 0.0624 0.0623 0.0624 0.0626 0.0625

Range = Xh - Xl = 0.0626 - 0.0623 = 0.0003

The other ranges are calculated in the same manner. These 
range values are used in the next chapter to study the vari-
ation present in the process over time. q➛

FIGURE 5.29  Different Distributions with Same 
Averages and Ranges
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Standard deviations for the remaining subgroups can be 
calculated in the same manner. q➛
Example 5.16 Gas Mileage: Determining the 
Standard Deviation of a Sample 
At an automobile-testing ground, a new type of automo-
bile was tested for gas mileage. Seven cars, a sample of 
a much larger production run, were driven under typical 
conditions to determine the number of miles per gallon 
the cars got. The following miles-per-gallon readings were 
obtained:

36 35 39 40 35 38 41

Calculate the sample standard deviation.
First calculate the average:

 X =
36 + 35 + 39 + 40 + 35 + 38 + 41

7
 = 37.7

which is rounded to 38. Then

 s = H (36 - 38)2 + (35 - 38)2 + (39 - 38)2 + (40 - 38)2

+ (35 - 38)2 + (38 - 38)2 + (41 - 38)2

7 - 1

 = 2.45

which is rounded to 3. q➛
Using the Mean, Mode, Median, Standard Deviation, and 
Range Together Measures of central tendency and meas-
ures of dispersion are critical when describing statistical 
data. As the following example shows, one without the 
other creates an incomplete picture ofthe values measured.

Example 5.17 Seeing the Whole Picture 
Two engineers were keeping track of the rate of water pipe 
being laid by three different crews. Over the past 36 days, 
the amount of pipe laid per day was recorded and the 
frequency diagrams shown in Figure 5.30 were created. 
When they studied the data originally, the two engineers 
calculated only the mean, mode, and median for each 
crew.

Mean1 = 20 Median1 = 20 Mode1 = 20
Mean2 = 20 Median2 = 20 Mode2 = 20
Mean3 = 20 Median3 = 20 Mode3 = 20

On the surface, these distributions appear the same. 
It was not until the range and standard deviation for each 
of the three pipe-laying crews’ work were calculated that 
the differences became apparent:

 Range1 = 4

 Standard deviation1 = 1.03, rounded to 1.0

s = H3(18 - 20)2 + 7(19 - 20)2 + 16(20 - 20)2

+ 7(21 - 20)2 + 3(22 - 20)2

36

easy to calculate, it is the most frequently used measure 
of dispersion.

When the measurements have been taken from each 
and every item in the total population, the standard devia-
tion is calculated through the use of the following formula:

s = H an
i = 1

(Xi - m)2

n
where

 s = standard deviation of the population
 m = mean value of the series of measurements
 Xi = X1, X2, c , Xn = values of each reading
 n = number of readings

The standard deviation of the population is sometimes 
known as the root mean square deviation. When popula-
tions increase in size, it becomes difficult to calculate with-
out help from a computer.

A smaller standard deviation is desirable because it 
indicates greater similarity between data values—that is, 
the data are more precisely grouped. In the case of prod-
ucts, a small standard deviation indicates that the products 
are nearly alike. As discussed with the Taguchi loss func-
tion in Chapter 2, creating products or providing services 
that are similar to each other is optimal.

When the measurements are taken from items sampled 
from the entire population, the previous formula is modi-
fied to reflect the fact that not every item in the population 
has been measured. This change is reflected in the denomi-
nator. The standard deviation of a sample is represented 
by the letter s:

s = H an
i = 1

(Xi - X)2

n - 1

where

 s = standard deviation of the sample
 X = average value of the series of measurements
 Xi = X1, X2, c , Xn = values of each reading
 n = number of readings

Example 5.15 Clutch Plate: Determining 
the Standard Deviation of a Sample 
In the case of subgroups comprising the clutch plate data, 
it is possible to calculate the sample standard deviation for 
each of the subgroups. For subgroup 1:

 s1 = BΣ(Xi - X)2

n - 1

 = H (0.0624 - 0.0625)2 + 2(0.0625 - 0.0625)2

+ (0.0626 - 0.0625)2 + (0.0627 - 0.0625)2

5 - 1

 = 0.0001
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 Range3 = 10

 Standard deviation3 = 2.42, rounded to 2.4

s = a 1(15 - 20)2 + 2(16 - 20)2 + 3(17 - 20)2 + 4(18 - 20)2

+5(19 - 20)2 + 6(20 -20)2 + 5(21- 20)2 + 4(22 -20)2

+ 3(23-20)2+2(24-20)2+1(25-20)2

36

Once calculated, the ranges and standard deviations 
revealed that significant differences exist in the perfor-
mance of the three crews. The first crew was much more 
consistent in the amount of pipe they laid per day. q➛

Example 5.18 Clutch Plate: Seeing  
the Whole Picture 
When we combine the analytical calculations with the 
graphical information from the previous examples, we see 
a more complete picture of the clutch plate data we are 
studying. The grand average, X = 0.0627 inches, median 
(0.0626), and mode (0.0626) confirm that the histogram 
is skewed slightly to the right. Because we know the grand 
average of the data, we also know that the distribution is 
not centered on the desired target value of 0.0625 inches. 
The frequency diagram gives us the critical information 
that there are no plates with a thickness of 0.0629 inches. 
The range of our data is fairly broad; the frequency dia-
gram shows an overall spread of the distribution of 0.0012 
inches. In the next two chapters we will learn how to use 
the ranges and standard deviation values for the individ-
ual subgroups. In general, through their calculations and 
diagrams, the engineers have learned that they are mak-
ing the plates too thick. They have also learned that the 

 Range2 = 6

 Standard deviation2 = 1.65, rounded to 1.7

s = a 3(17 - 20)2 + 4(18 - 20)2 + 6(19 - 20)2

+ 10(20 - 20)2 + 6(21 - 20)2 + 4(22 - 20)2

+ 3(23 - 20)2

36

R&M Industries manufactures automated embroidery and mono-
gramming machines. These machines are used to embroider or 
monogram designs on specialty items such as baseball caps, shirts, 
jackets, and other products. To create the embroidery work, the 
pantograph arm moves in the x and y directions through the use of 
servomotors. The arm has numerous through-holes for mounting, 
depending on the type of embroidery being created. R&M’s engi-
neers are testing the performance capabilities of a machine that 
produces a newly designed pantograph arm. This involves produc-
ing a limited number of parts, known as a runoff. The dimension 
being analyzed involves the mounting holes that hold a bearing 
and a mating part. The engineers are interested in the distance 
between the centers of the two holes (Figure 5.31), which has been 
 specified as 11.25 cm. The measurements taken are shown in 
 Figure 5.32.

The engineers created a frequency diagram with data collected 
from the 25 arms machined during the runoff (Figure 5.33). 
The measurements are spread between 11.16 and 11.29, with a 
majority of them grouped between 11.21 and 11.25. There is little 
precision or accuracy associated with the data.

Having completed a frequency diagram, R&M’s engineers cre-
ated a histogram. They chose a cell interval of 0.03, resulting in 
five cells, presenting a clear picture of the data. They chose the 

lowest value measured for their first midpoint. The cell bounda-
ries were created by dividing the cell interval by two and subtract-
ing that value from the midpoint to find the lower boundary.

The histogram (Figure 5.34) has one peak and is nearly 
 symmetrical. The data is grouped around 11.22 rather than the 
target specification of 11.25 cm. The average value is 11.23 
cm, meaning that the distance between the centers of the holes 
is smaller than the desired target. The median of the data is 
also 11.23 cm. The mode is 11.22 cm. Though these values are 
nearly equal, they show that the distribution is skewed slightly to 
the right. The central tendency of the data is lower than the target 
specification of 11.25.

The spread of the data is rather large, from 11.16 to 11.29, a 
range of 0.13 cm. The standard deviation equals 0.03. Both the 
range and the standard deviation describe how the data is spread 
around the mean. In this case, the magnitude of the range and 
standard deviation indicate that the data are not tightly grouped; 
that is, the distance between the centers of the holes varies 
significantly from one pantograph arm to another. The variation 
present in the process will make assembly and use of the arm 
more difficult.

From the frequency diagram, histogram, and calculations, the 
engineers involved in the pantograph arm runoff have learned 

Monogramming and Embroidery Machine  
Arm Analysis

REaL tOOLS for REaL LIFEq➛

FIGURE 5.30  Frequency Diagrams of the Amount 
of Pipe Laid per Day in Feet

16 18 20 22 24

16 18 20 22 24

16 18 20 22 24
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 n = sample size
 s = standard deviation of sample
 fi = frequency of occurrence

Once determined, the skewness figure is compared with 
zero. A skewness value of zero means that the distribution 
is symmetrical. A value greater than zero means that the 
data are skewed to the right; the tail of the distribution 
goes to the right. If the value is negative (less than zero), 
then the distribution is skewed to the left, with a tail of the 
distribution going to the left (Figure 5.35). The higher the 
value, the stronger the skewness.

Example 5.19 Gas Mileage: Determining the Skew 
The investigators in Example 5.16 want to determine if the 
data gathered in their sample of 36, 35, 39, 40, 35, 38, 
41 are skewed. They apply the following formulas:

machining process is not producing plates of consistent 
thickness. q➛

Other Measures of Dispersion
Skewness When a distribution lacks symmetry, it is con-
sidered skewed. A picture of the distribution is not neces-
sary to determine skewness. Skewness can be measured by 
calculating the following value:

a3 =
ah
i = 1

fi(Xi - X)3/n

s3

where

 a3 = skewness
 Xi = individual data values under study
 X = average of individual values

that the machine they are considering for purchase is unable to 
produce arms with consistent distances between the mounting 
hole centers. By collecting, tabulating, analyzing, and inter-
preting the data from the runoff, they have avoided purchasing 

FIGURE 5.32  Data for Distance Between Hole 
 Centers for the Monogramming and Embroidery 
Arm (in cm)

11.16 11.19 11.22 11.25 11.18

11.23 11.29 11.25 11.24 11.23

11.23 11.21 11.21 11.22 11.22

11.17 11.28 11.26 11.25 11.22

11.24 11.22 11.27 11.23 11.19

a piece of equipment that is not able to produce parts to their 

 specifications. 

FIGURE 5.34  Histogram for Monogramming and 
 Embroidery Arm Data

Data (hole centerline to hole centerline, in cm)
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FIGURE 5.33  Frequency Diagram for Monogramming 
and Embroidery Arm Data
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The engineers compared these data with the previous day’s 
test, where the kurtosis was 1.42. Those data spread more 
broadly (were less peaked) than these. The distribution is 
getting narrower, a sign that the miles-per-gallon data are 
becoming more uniform. q➛

cENtRaL LIMIt tHEOREM
Much of statistical process control is based on the use of 
samples taken from a population of items. The central limit 
theorem enables conclusions to be drawn from the sam-
ple data and applied to a population. The central limit 
theorem states that a group of sample averages tends to be 
normally distributed; as the sample size n increases, this 
tendency toward normality improves. This means that the 
population from which the samples are taken does not 
need to be normally distributed for the sample averages 
to tend to be normally distributed. In the field of qual-
ity, the central limit theorem supports the use of sampling 
to analyze the population. The mean of the sample aver-
ages will approximate the mean of the population. The 
variation associated with the sample averages will be less 
than that of the population. It is important to remember 
that it is the sample averages that tend toward normality, 
as the following example shows. Statistically, the central 
limit theorem supports the creation and use of X-bar, R, s, 
(Chapter 6) and short run charts (Chapter 8). All other 
charts (see Chapter 8) should be tested for normality.

Example 5.21 Using the Central Limit Theorem
Roger and Bill are trying to settle an argument. Roger 
says that averages from a deck of cards will form a nor-
mal curve when plotted. Bill says they won’t. Since each 
card appears four times, the cards in a deck are not nor-
mally distributed. They decide to try the following exer-
cise involving averages to prove the central limit theorem 
works. They are going to follow these rules:

1. They will randomly select five cards from a well-
shuffled deck and write down the values (Figure 5.37). 
(An ace is worth 1 point, a jack 11, a queen 12, and 
a king 13.)

2. They will record the numerical values on a graph (Figure 
5.37).

3. They will calculate the average for the five cards.
4. They will graph the results of Step 3 on a graph separate 

from that used in Step 2 (Figure 5.38).

 X = 38
 s = 2

 a3 =

[(36 - 38)3 + 2(35 - 38)3 + (39 - 38)3

+ (40 - 38)3 + (38 - 38)3 + (41 - 38)3]/7
8

 = -  0.46

The negative value for a3 means that the data are skewed 
to the left. q➛

Kurtosis Kurtosis, the peakedness of the data, is another 
value that can be calculated: 

a4 =
ah
i = 1

fi(Xi - X)4/n

s4

where

 a4 = kurtosis
 Xi = individual data values under study
 X = average of individual values
 n = sample size
 s = standard deviation of sample

Once calculated, the kurtosis value must be compared 
with another distribution or with a standard in order to 
be interpreted. In Figure 5.36, the distribution on the left 
side is more peaked than that on the right. Its kurtosis 
value would be larger.

Example 5.20 Gas Mileage: Determining  
the Kurtosis 
The investigators in Example 5.16 wanted to calculate 
the kurtosis:

 a4 =

[(36 - 38)4 + 2(35 - 38)4 + (39 - 38)4

+ (40 - 38)4 + (38 - 38)4 + (41 - 38)4]/7
16

 = 2.46

FIGURE 5.35  Skewness

Skewed to right

Skewed to left

FIGURE 5.36  Kurtosis

Leptokurtic Platykurtic
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FIGURE 5.37  Numerical Values of Cards and Frequency Distribution

1 11 13 10 12 7 10.6 26 8 10 1 9 10 7.6

2 1 7 12 9 3 6.4 27 9 13 2 2 2 5.6

3 9 5 12 1 11 7.6 28 12 4 12 3 13 8.8

4 11 5 7 9 12 8.8 29 12 4 7 6 9 7.6

5 7 12 13 7 4 8.6 30 1 12 3 12 11 7.8

6 11 9 5 1 13 7.8 31 12 3 10 11 6 8.4

7 1 4 13 12 13 8.6 32 3 5 10 2 7 5.4

8 13 3 2 6 12 7.2 33 9 1 2 3 11 5.2

9 2 4 1 10 13 6.0 34 6 8 6 13 9 8.4

10 4 5 12 1 9 6.2 35 2 12 5 10 4 6.6

11 2 5 7 7 11 6.4 36 6 4 8 9 12 7.8

12 6 9 8 2 12 7.4 37 9 13 3 10 1 7.2

13 2 3 6 11 11 6.6 38 2 1 13 7 5 5.6

14 2 6 9 11 13 8.2 39 10 11 5 12 13 10.2

15 6 8 8 9 1 6.4 40 13 2 8 2 11 7.2

16 3 4 12 1 6 5.2 41 2 10 5 4 11 6.4

17 8 1 8 6 10 6.6 42 10 4 12 7 11 8.8

18 5 7 6 8 8 6.8 43 13 13 7 1 10 8.8

19 2 5 4 10 1 4.4 44 9 10 7 11 11 9.6

20 5 7 12 7 8 7.8 45 6 7 8 7 4 6.4

21 9 1 3 6 12 6.2 46 1 4 12 11 13 8.2

22 1 13 9 3 6 6.4 47 9 11 8 1 11 8.0

23 4 5 13 5 7 6.8 48 8 13 10 13 4 9.6

24 3 7 9 8 10 7.4 49 12 11 11 2 3 7.8

25 1 7 6 6 1 4.2 50 2 12 5 11 9 7.8

1 //// //// //// //// //

2 //// //// //// ////

3 //// //// ////

4 //// //// //// /

5 //// //// //// /

6 //// //// //// ///

7 //// //// //// //// /

8 //// //// //// /

9 //// //// //// //// /

10 //// //// //// //

11 //// //// //// //// ///

12 //// //// //// //// ////

13 //// //// //// //// //

5. They will then replace the five cards in the deck.
6. They will shuffle the deck.
7.  They will repeat this process 50 times.

Figure 5.37 displays the results of Steps 1 and 2. 
Since the deck was well shuffled and the selection of 
cards from the deck was random, each card had the 
same chance of being selected—1/52. The fairly uniform 

distribution of values in the frequency diagram in Figure 
5.37 shows that each type of card was selected approxi-
mately the same number of times. The distribution would 
be even more uniform if a greater number of cards had 
been drawn.

Figure 5.38 graphs the results of Step 4. Notice that 
as the number of averages recorded increases, the results 
look more and more like a normal curve. As predicted by 
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99.73 percent of the measured values fall within {3 
standard deviations of the mean (m { 3s), that 95.5 
percent of the data fall within {2 standard deviations 
of the mean (m { 2s), and that 68.3 percent of the 
data fall within {1 standard deviation (m { 1s). 
 Figure 5.40 demonstrates the percentage of measure-
ments falling within each standard deviation.

These six features combine to create a peak in the center 
of the distribution, with the number of values decreasing as 
the measurements get farther away from the mean. As the 
data fall away toward the horizontal axis, the curve flattens. 
The tails of the normal distribution approach the horizontal 
axis and extend indefinitely, never reaching or crossing it.

While not all symmetrical distributions are normal 
distributions, these six features are general indicators of a 
normal distribution. (There is a chi square test for normal-
ity. Refer to a statistics text for a complete description of 
the chi square test.)

the central limit theorem, the distribution of the sample 
averages in the final diagram in Figure 5.38 is approxi-
mately normal. This has occurred even though the original 
distribution was not normal. q➛

NORMaL FREQUENcY 
DIStRIBUtION
The normal frequency distribution, the familiar bell-shaped 
curve (Figure 5.39), is commonly called a normal curve. A 
normal frequency distribution is described by the normal 
density function:

f(x) =
1

s22p
 e-(x -m)2/2s2

 - ∞6 x 6 ∞

where

 p = 3.14159
 e = 2.71828

The normal frequency distribution has six distinct features:

1. A normal curve is symmetrical about m, the central 
value.

2. The mean, mode, and median are all equal.
3. The curve is unimodal and bell-shaped.
4. Data values concentrate around the mean value of the 

distribution and decrease in frequency as the values get 
further away from the mean.

5. The area under the normal curve equals 1. One hundred 
percent of the data are found under the normal curve, 
50 percent on the left-hand side, 50 percent on the right.

6. The normal distribution can be described in terms of 
its mean and standard deviation by observing that  

FIGURE 5.40  Percentage of Measurements Falling 
Within Each Standard Deviation

X

;1u
68.3%
;2u

95.5%

;3u
99.7%

FIGURE 5.38  Distribution of Sample Averages
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To find the area under the normal curve associated 
with a particular Xi, use the following procedure:

1. Use the information on normal curves to verify that the 
measurements are normally distributed.

2. Use the mean, standard deviation, and value of interest 
in the formula to calculate Z.

3. Find the Z value in the table of area under the normal 
curve.

4. Use the table to convert the Z values to the area of 
interest.

5. Convert the area of interest value from the table to a 
percentage by multiplying by 100.

The table of the area under the normal curve is a left-
reading table, meaning that it will provide the area under 
the curve from negative infinity up to the value of interest 
(Figure 5.41). These values will have to be manipulated to 
find the area greater than the value of interest or between 
two values. Drawing a picture of the situation in ques-
tion and shading the area of interest often helps clarify 
the Z calculations. Values of Z should be rounded to two 
decimal places for use in the table. Interpolation between 
values can also be performed.

Example 5.22 Clutch Plate: Using Standard 
Normal Probability Distribution
The engineers working with the clutch plate thickness data 
have determined that their data approximates a normal 
curve. They would like to determine what percentage of 
parts from the samples taken is below 0.0624 inch and 
above 0.0629 inch.

1. From the data in Table 5.5, they calculated an average 
of 0.0627 and a standard deviation of 0.00023. They 
used the Z tables to determine the percentage of parts 
under 0.0624 inch thick. In Figure 5.42 the area of 
interest is shaded.

Z =
0.0624 - 0.0627

0.00023
= -1.30

Standard Normal Probability Distribution:  
Z Tables
The area under the normal curve can be determined if 
the mean and the standard deviation are known. The 
mean, or in the case of samples, the average, locates the 
center of the normal distribution. The standard devia-
tion defines the spread of the data about the center of 
the distribution.

The relationships discussed in features 5 and 6 of the 
normal frequency distribution make it possible to calculate 
the percentage of values that fall between any two read-
ings. If 100 percent of the data are under the normal curve, 
then the amount of product above or below a particular 
value can be determined. These values may be dimensions 
like the upper and lower specification limits set by the 
designer or they can be any value of interest. The formula 
for finding the area under the normal curve is

f(x) =
1

s22p
 e-(x -m)2/2s2

 - ∞6 x 6 ∞

where

 p = 3.14159
 e = 2.71828

This formula can be simplified through the use of the stand-
ard normal probability distribution table (Appendix 1).  
This table uses the formula

f(Z) =
122p

 e-Z2/2

where

 Z =
Xi - X

s
= standard normal value

 Xi = individual X value of interest
 X = average
 s = standard deviation

This formula also works with population means and popu-
lation standard deviations:

Z =
Xi - m

sx
= standard normal value

where

 Xi = individual X value of interest
 m = population mean

 sx = population standard deviation =
s2n

Z is used with the table in Appendix 1 to find the value 
of the area under the curve, which represents a percentage 
or proportion of the product or measurements produced. 
If Z has a positive value, then it is to the right of the center 
of the distribution and is Xi larger than X. If the Z value 
is negative, then it is on the left side of the center and is 
smaller than X.

FIGURE 5.41  Normal Curve for Left-Reading Z 
Table

XX i

– q
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or 4.09 percent of the parts are 0.0623 inches or 
 thinner.

Then solve for parts 0.0626 inches or thinner:

 Z2 =
0.0626 - 0.0627

0.00023
= 0.44

 Area2 = 0.3300

or 33 percent of the parts are 0.0626 inches or thin-
ner. Subtracting these two areas will determine the 
area in between:

0.3300 - 0.0409 = 0.2891

or 28.91 percent of the parts fall between 0.0623 and 
0.0626 inches. q➛

From Appendix 1: Area = 0.0968
or 9.68 percent of the parts are thinner than 
0.0624 inch.

2. When determining the percentage of the parts that are 
0.0629 inch thick or thicker, it is important to note 
that the table in Appendix 1 is a left-reading table. 
Since the engineers want to determine the percentage 
of parts thicker than 0.0629 (the area shaded in 
Figure 5.43), they will have to subtract the area up to 
0.0629 from 1.00.

 Z =
0.0629 - 0.0627

0.00023
= 0.87

 Area = 0.8079

or 80.79 percent of the parts are thinner than 0.0629 
inch. However, they want the percentage of parts that 
are thicker than 0.0629 inch. To find this area they 
must subtract the area from 1.0 (remember: 100 per-
cent of the parts fall under the normal curve):

1.00 - 0.8079 = 0.1921

or 19.21 percent of the parts are thicker than  
0.0629 inch.

3. The engineers also want to find the percentage of the 
parts between 0.0623 and 0.0626 inch thick. The area 
of interest is shaded in Figure 5.44. In this problem 
the engineers must calculate two areas of interest, one 
for those parts 0.0623 inches thick or thinner and the 
other for those parts 0.0626 inch thick or thinner. The 
area of interest for those parts 0.0623 inch and thinner 
will be subtracted from the area of interest for 0.0626 
inch and thinner.

First solve for parts 0.0623 inch or thinner:

 Z1 =
0.0623 - 0.0627

0.00023
= -1.74

 Area1 = 0.0409
FIGURE 5.44  Example 5.22: Area Under the 
Curve Between 0.0623 and 0.0626

 X
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FIGURE 5.43  Example 5.22: Area Under the 
Curve, Xi = 0.0629
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FIGURE 5.42  Example 5.22: Area Under the 
Curve, Xi = 0.0624

X
i 

= 
0.

06
29

X
 =

 0
.0

62
7

– q

M05B_SUMM3273_06_SE_C05.indd   153 10/31/16   5:39 PM



154 CHAPTER FIVE

calculation makes it possible to make statements like: 
“there is a 95 percent probability that the sample average 
is a good estimator of the population mean” or “there is a 
90 percent probability that the population mean is between 
X1 and X2.” To determine X1 and X2, the end points for 
the confidence interval, use the formula:

X {
Z(a/2) (s)2n

where

 X = sample average
 n = number of samples
 s = population standard deviation
 s = standard deviation (also s(n - 1))

 a =  probability that the population mean is not 
in the interval (alpha risk)

1 - a =  probability the population mean is in the 
interval

Z(a/2) =  value from the Z table in normal curve areas 
with an area of a/2 to its right

Example 5.23 Confidence Interval Calculation 
Using A
Manufacturing medical devices requires the ability to meet 
close tolerances. For a particularly critical machine setup, 
the manufacturing engineer conducted two runoffs for an 
injection molding machine. The first runoff, in which all 
of the molded parts were measured, the population mean 
was 0.800 mm with a population standard deviation, s, 
of 0.007. From the second runoff, only 50 parts were 
sampled and their measurements taken. These randomly 
selected samples of parts have an average length of 0.822 
mm and a standard deviation of 0.010. The manufactur-
ing engineer would like to know, with 95 percent confi-
dence, the interval values for the population mean for the 
second runoff.

 0.822 { 1.96(0.007)250

 0.822 { 0.002

where
 X = 0.822
 n = 50

cONFIDENcE INtERVaLS
People who study processes are interested in understanding 
process performance capability. Since it is often unfeasible 
to measure each item produced by a process or activity pro-
vided by a service, samples are taken. From these samples, 
averages are calculated. When samples in a subgroup are 
averaged and the standard deviation calculated, these values 
are called point estimates. As a result of the central limit 
theorem, as long as they are random and unbiased sam-
ples, these subgroup sample averages can serve as estimators 
of the population mean. Determining whether the sample 
average is a good approximation of the population mean 
depends on the spread of the sample data, the standard 
deviation of the distribution of the subgroup. The stand-
ard deviation, or standard error (SE), indicates the amount 
of error that will exist when the subgroup average is used 
to estimate the population mean. Since samples represent 
the population, it is possible to wonder whether the sam-
ple average is a good estimate of the population mean. In 
other words, how much confidence should be placed in 
the estimate? Confidence interval calculations enable those 
studying a process to assign a range to an estimated value 
(Figure 5.45). A confidence interval is the spread of val-
ues, or interval, that the population parameter fits in with 
a specified probability. For example, the person taking the 
measurements may be 90 percent confident that the popula-
tion mean will fall within a given interval with end points at 
X1 and X2. So at a 90 percent confidence level, if 100 sam-
ples are taken and 100 intervals created, the value would 
appear in 90 of the 100 intervals. Confidence interval calcu-
lations are possible because the central limit theorem shows 
that averages tend to be normally distributed. Values are 
expected to be grouped, 68.3 percent within plus or minus 
one sigma, 95.5 percent within plus or minus two sigma, 
and 99.7 percent within plus or minus three sigma. The 
remaining 0.27 percent is split in the two tails. This proba-
bility is referred to as alpha a with a/2 in each tail. Using the 
Z tables, if the degree of confidence is 90 percent, then the 
figure would appear as in Figure 5.46. The confidence level 
attached to the interval determines the size or width of the 
interval. Large sample sizes provide greater confidence, and 
therefore, a narrower interval, than small sample sizes. The 
degree of confidence is expressed as a percentage. Typically, 
the degrees of confidence chosen are 90 percent (a = 0.10), 
95 percent (a = 0.05), and 99 percent (a = 0.01).

Confidence interval testing is a technique that ena-
bles us to determine how well the subgroup average 
approximates the population mean. This straightforward 

FIGURE 5.46  Normal Curve 
showing 90 percent Confidence 
Level

–1.645 +1.645z = 0

90%

0.450.45c/2 = 0.05 c/2 = 0.05

FIGURE 5.45  Confidence Interval

Estimate

X1

Interval 
X2

*
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 1 - a =  probability the population mean is in the 
interval

 t(a/2) = value from the t table
 df =  degrees of freedom (n - 1), the amount of 

data used by the measure of dispersion

The t value compensates for our lack of information 
about s. The smaller the sample size, the more doubt exists, 
and the larger t must be. This t value is selected based on 
the degrees of freedom in the system, n - 1. Values for 
the t distribution appear in values of t distribution. Use 
 Figure 5.48 as a guide when deciding to use either method.

 s = 0.007
 a = 0.05

 1 - 0.05 = 0.95

Z(a/2) = value from the Z table in normal curve areas 
with an area of 0.025 to its right.

The interval is (0.820, 0.824). The engineer can be 
95 percent confident that the population mean is between 
these two values (Figure 5.47). q➛
The above formula, using the Z table, is considered a rea-

sonable approximation if n Ú 30. For smaller sample sizes 
there is not an easy method to determine if the population is 
normal. Under these circumstances, the t distribution is used.

X {
t(a/2) (s)2n

where

 X = sample average
 n = number of samples
 s = standard deviation (also s(n - 1))

 a =  probability that the population mean is not in the 
interval (alpha risk)

FIGURE 5.47  Example 5.23 
Confidence Interval

0.820

*

0.822 Interval 0.824

FIGURE 5.48  Confidence Interval Calculations:  Choosing 
Between the Z and t Distributions

Is n > 30? Yes

Yes

No

Is the value of u known?

No

Use the t distribution with

and n–1 degrees of freedom.

X  ;
t (c/2)

(s)
–

Use the normal distribution and Z
tables with

Use s if u  is not known.

X  ; n
Z(c/2)

(u)

!
–

n!

Two machines have recently been installed at JRPS. To determine 
if additional noise dampening devices are needed, their safety engi-
neer has taken several noise exposure measurements at a water jet 
cutting work center and a conventional grinding machine. He would 
like to determine with 90 percent confidence that these samples 
represent the mean noise exposure expected to be experienced by 
workers throughout the plant. The values represent the percentage 
of allowable daily dose. A value of 50 percent during an 8-hour 
shift represents 85 dB.

For the water jet cutting work center, the ratios recorded were 
X1 = 0.45, X2 = 0.47, and X3 = 0.44, resulting in an X = 0.45 
and s = 0.015. The water jet noise value is calculated below.

0.45 { 2.920(0.15)23
where

 X = 0.45

 n = 3

 s = 0.015

 a = 0.10

 1 - a = 0.90
 t(a/2) = 2.920

 df = 3 - 1 = 2

The interval is (0.425, 0.475). The hygienist can be 90 per-
cent confident that the population mean is between these two 
values for the water jet cutting work center. Since these values 
are below the legal permissible decibel levels, no additional noise 
dampening is required.

For the conventional grinding machine, the ratios recorded 
were X1 = 0.55, X2 = 0.75, and X3 = 0.57, resulting in an 
X = 0.62 and s = 0.11.

0.62 { 2.920(0.11)23
where

 X = 0.62
 n = 3
 s = 0.011
 a = 0.10

 1 - a = 0.90
 t(a/2) = 2.920

 df = 2

The interval is (0.43, 0.81). The safety engineer can be 90 per-
cent confident that the population mean is between these two 
values. Note that due to its large standard deviation, this is a 
much broader spread than the other interval. This broad interval 
includes values that are above the legal permissible decibel lev-
els, and therefore, additional noise dampening is required.

Confidence Interval Calculation Using  
the t Distribution at JRPS

REaL tOOLS for REaL LIFEq➛

q➛
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68.3 percent of the data fall within {1 standard devia-
tion (m { 1s).

13. The area under a normal curve can be calculated using 
the Z table and its associated formula.

14. The central limit theorem proves that the averages of 
nonnormal distributions have a normal distribution.

FORMULaS 

 R = Xh - Xi

 m or X =
X1 + X2 + X3 + g + Xn

n
=

aXi

n

 s = H a (Xi - m)2

n

 s = H a (Xi - X)2

n - 1

 a3 =
a fi(Xi - X)3/n

s3

 a4 =
a fi(Xi - X)4/n

s4

 f(x) =
1

s22p
 e-(x - m)2

2s
2  - ∞6 x 6 ∞

where
 p = 3.14159
 e = 2.71828

 f(Z) =
122p

 e-Z2

2

 Z =
Xi - X

s

 Z =
Xi - m

s

cHaPtER PROBLEMS

1. Describe the concepts of a sample and a population.
2. Give three examples each for continuous data and 

 discrete data.
3. Describe one situation that is accurate, one that is pre-

cise, and one that is both. A picture may help you with 
your description.

4. Misunderstood, misused, or incomplete statistics can 
lead to incorrect decisions. Select one statistical topic 
from this text and explain how its use will help you 
make better decisions in your future.

SUMMaRY 

Frequency diagrams and histograms graphically depict 
the processes or occurrences under study. Means, modes, 
medians, standard deviations, and ranges are powerful 
tools used to describe processes and occurrences statisti-
cally. Because of the central limit theorem, users of statisti-
cal information can form conclusions about populations of 
items based on the sample statistics. Since the behavior of 
the X values is predictable, when the values are different 
from an expected normal curve, there must be a reason 
why the process is not behaving normally. Knowing this, 
those working with a process can determine whether there 
is something wrong with the process that must be dealt 
with.

q➛ LESSONS LEaRNED 

1. Quality assurance relies primarily on inductive statis-
tics in analyzing samples.

2. Accuracy and precision are of paramount importance 
in quality assurance. Measurements should be both 
precise and accurate.

3. Histograms and frequency diagrams are similar. 
Unlike a frequency diagram, a histogram will group 
the data into cells.

4. Histograms are constructed using cell intervals, cell 
midpoints, and cell boundaries.

5. The analysis of histograms and frequency diagrams is 
based on shape, location, and spread.

6. Shape refers to symmetry, skewness, and kurtosis.
7. The location or central tendency refers to the rela-

tionship between the mean (average), mode, and 
median.

8. The spread or dispersion of data is described by the 
range and standard deviation.

9. Skewness describes the tendency of data to be gathered 
either to the left or right side of a distribution. When 
a distribution is symmetrical, skewness equals zero.

10. Kurtosis describes the peakedness of data. Leptokurtic 
distributions are more peaked than platykurtic ones.

11. A normal curve can be identified by the following five 
features: It is symmetrical about a central value. The 
mean, mode, and median are all equal. It is unimodal 
and bell-shaped. Data cluster around the mean value 
of the distribution and then fall away toward the hori-
zontal axis. The area under the normal curve equals 
1; 100 percent of the data is found under the normal 
curve.

12. In a normal distribution 99.73 percent of the meas-
ured values fall within {3 standard deviations of the 
mean (m { 3s); 95.5 percent of the data fall within 
{2 standard deviations of the mean (m { 2s); and 
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FREQUENCY DIAGRAMS  
AND HISTOGRAMS

5. Make a frequency distribution of the following data. 
Is this distribution bimodal? Multimodal? Skewed to 
the left? Skewed to the right? Normal?

  225, 226, 227, 226, 227, 228, 228, 229, 222, 223, 
224, 226, 227, 228, 225, 221, 227, 229, 230

6. Working in a call center is not an easy job. As cus-
tomers contact the center, the employees must access 
a variety of computer screens in order to answer cus-
tomer questions. The Call Center Six Sigma team is 
very interested in how long calls typically last. Use the 
following information for “length of time of call” to 
create and interpret a histogram.

1 minute 4   7 minutes 40
2 minutes 15   8 minutes 45
3 minutes 34   9 minutes 30
4 minutes 22 10 minutes 10
5 minutes 25 11 minutes 8
6 minutes 36 12 minutes 3

7. NB Plastics uses injection molds to produce plastic 
parts that range in size from a marble to a book. Parts 
are pulled off the press by one operator and passed 
on to another member of the team to be finished or 
cleaned up. This often involves trimming loose mate-
rial, drilling holes, and painting. After a batch of parts 
has completed its cycle through the finishing process, 
a sample of five parts is chosen at random and certain 
dimensions are measured to ensure that each part is 
within certain tolerances. This information (in mm) is 
recorded for each of the five pieces and evaluated in 
the chart below. Create a frequency diagram. Are the 
two operators trimming off the same amount of mate-
rial? How do you know?

Part Name: Mount
Critical Dimension: 0.654 { 0.005
Tolerance: {0.005
Method of Checking: Caliper

Date Time Press Oper Samp 1 Samp 2 Samp 3 Samp 4 Samp 5

9/20/92 0100 #1 Jack 0.6550 0.6545 0.6540 0.6540 0.6545

9/20/92 0300 #1 Jack 0.6540 0.6540 0.6545 0.6545 0.6545

9/20/92 0500 #1 Jack 0.6540 0.6540 0.6540 0.6540 0.6535

9/20/92 0700 #1 Jack 0.6540 0.6540 0.6540 0.6540 0.6540

9/21/92 1100 #1 Mary 0.6595 0.6580 0.6580 0.6595 0.6595

9/21/92 1300 #1 Mary 0.6580 0.6580 0.6585 0.6590 0.6575

9/21/92 1500 #1 Mary 0.6580 0.6580 0.6580 0.6585 0.6590

9/22/92 0900 #1 Mary 0.6575 0.6570 0.6580 0.6585 0.6580

8. Manufacturers ofrefrigeration systems for restaurant 
food storage are very concerned that their units are 
able to maintain precise temperature control. At AB’s 
testing lab, a refrigeration unit has been equipped with 
newly designed seals. The temperature inside the unit 
has been monitored and measured every 30 minutes. 
Use the data from this test to construct and interpret a 
frequency diagram (see chart below).

Temperature C

4 8 6 7 7 10 8 11 9 13

8 5 9 6 9 10 7 8 7

6 7 8 11 9 8 12 8 10

9. PL Industries machines shafts for rocker arm assem-
blies. One particularly complex shaft is shown in 
Figure P5.1. The existing machining cell is currently 
unable to meet the specified tolerances consistently. PL 
Industries has decided to replace the existing machines 
with CNC turning centers. The data at the right are 
from a run offheld at the CNC vendor’s facility. The 
indicated portion of the shaft was chosen for inspec-
tion. The diameter specifications for the round shaft 
are 7.650 + 0.02 mm. To prevent scrap for this par-
ticular operation, there is no lower specification. The 
data are scaled from 7.650, meaning that a value of 
0.021 is actually 7.671 mm. Create a frequency dia-
gram with the data.

0.011 0.013 0.018 0.007 0.002 0.020 0.014 0.006 0.002

0.006 0.004 0.003 0.010 0.015 0.011 0.020 0.020 0.012

0.015 0.004 0.009 0.020 0.012 0.011 0.012 0.004 0.017

0.010 0.011 0.018 0.015 0.010

10. Create a histogram with the shaft data in Problem 9. 
Describe the distribution’s shape, spread, and location.

11. Create and interpret a histogram using the data in 
Problem 8.
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12. Gold, measured in grams, is used to create circuit 
boards at MPL Industries. The following measure-
ments of gold usage per batch of circuit boards have 
been recorded in a tally sheet. Create a histogram with 
the following information. Describe the shape, loca-
tion, and spread of the histogram. The target value is 
145 grams.

125 / 138 //// /

126 / 139

127 140 ////

128 /// 141 //// /

129 //// 142 //// /

130 143 //// /

131 144 ////

132 //// 145 //// ///

133 146 //// ////

134 //// 147 //// //

135 //// / 148 //// /

136 //// 149 ////

137 //// 150 ////

13. At a local bank, the time a customer spends waiting 
to transact business varies between 1 and 10 minutes. 
Create and interpret a histogram with the following 
data:

Wait Time Frequency

1 min 5

2 min 10

3 min 16

4 min 25

5 min 18

6 min 9

7 min 6

8 min 4

9 min 2

10 min 1

14. A manufacturer of CDs has a design specification for 
the width of the CD of 120 { 0.3 mm. Create a his-
togram using the following data. Describe the distribu-
tion’s shape, spread, and location.

Measurement Tally

119.4 ///

119.5 ////

119.6 //// /

119.7 //// //

119.8 //// ////

119.9 //// ///

120.0 //// //

120.1 ////

120.2 ////

15. Use the concepts of symmetry and skewness to describe 
the histogram in Problem 8.

16. Why is it important to use both statistical measures 
and descriptive concepts when describing a histogram?

17. Create a histogram with the information from Prob-
lem 7. Is this histogram bimodal?

18. Hysteresis is defined as the ability of a torque con-
verter clutch to absorb the torsional vibrations and 
the energy dissipated by the drive train through the 
isolator or damper assembly of the clutch assembly. 
Experimental lab and vehicle testing has been done to 
determine the correct amount of hysteresis the clutch 
should have to perform properly. It was determined 
that 15 to 25 ft-lbs of hysteresis would provide proper 
operation of the torque converter clutch. Prototype 
assemblies have been built and tested to ensure that 
the design can be manufactured to meet specification 
limits before production begins. Use the following 
information to create a histogram. How are the pro-
totypes performing?

Hysteresis Number of Units

14 1

15 0

16 8

17 16

18 33

19 56

20 64

21 79

22 90

23 77

24 78

25 58

26 54

27 50

28 32

29 26

30 11

31 7

32 1

33 3

34 1
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Hysteresis Number of Units

35 0

36 1

37 3

38 1

MEASURES OF CENTRAL TENDENCY 
AND DISPERSION

19. Bob’s Bakery supplies area supermarkets with artisan 
breads. Bob’s breads are baked in a special oven. Oven 
temperature is crucial to the success of the bread. Cre-
ate and interpret a histogram using the following infor-
mation about oven temperature.

Temperature Occurrences

445 1

446 1

447 2

448 5

449 7

450 12

451 5

452 4

453 3

454 2

455 1

20. What is meant by the following expression: the central 
tendency of the data?

21. What is meant by the following expression: measures 
of dispersion?

22. Why does the salary information for engineers provide 
more information than the salary information shown 
for inspectors?

Min Max
Std. 
Dev.

Sample  
Size Average Median

Engineer $25,000 $80,000 $11,054 28 $48,298 $45,750

Inspector 5 $28,136 $27,000

23. Find the mean, mode, and median for the data given 
in Problem 8.

24. Using the following sample data, calculate the mean, 
mode, and median:

1.116 1.122 1.125

1.123 1.122 1.123

1.133 1.125 1.118

1.117 1.121 1.123

1.124 1.136 1.122

1.119 1.127 1.122

1.129 1.125 1.119

1.121 1.124

1.128 1.122

25. Determine the mean, mode, and median of the infor-
mation in Problem 7.

26. Determine the mean, mode, and median of the follow-
ing numbers. What is the standard deviation? Mark 1, 
2, and 3 standard deviations (plus and minus) on the 
diagram.

   225, 226, 227, 226, 227, 228, 228, 229, 222, 223, 
224, 226, 227, 228, 225, 221, 227, 229, 230

  (These are all the data; that is, the set comprises a 
population.)

27. For the shaft data from Problem 9, determine the 
mean, mode, median, standard deviation, and range. 
Use these values to describe the distribution. Compare 
this mathematical description with the description you 
created for the histogram problem.

28. For Problem 12, concerning the amount of gold used 
to create circuit boards, determine the mean, mode, 
median, standard deviation, and range. Use these val-
ues to describe the distribution. Compare this math-
ematical description with the description you created 
in Problem 12.

29. For the CD data of Problem 14, determine the mean, 
mode, median, standard deviation, and range. Use 
these values to describe the distribution. Compare this 
mathematical description with the description you cre-
ated in Problem 14.

30. Determine the standard deviation and the range of the 
numbers in Problem 8.

31. Determine the standard deviation and the range of the 
numbers in Problem 7.

32. Describe the histogram created in Problem 17 using 
the standard deviation, range, mean, median, and 
mode. Discuss symmetry and skewness.

33. Four readings of the thickness of the paper in this text 
are 0.076, 0.082, 0.073, and 0.077 mm. Determine the 
mean and the standard deviation.

34. WT Corporation noticed a quality problem with their 
stainless steel product. Corrosion pits were form-
ing after the product was already in the hands of the 
consumer. After several brainstorming sessions by the 
engineering and quality departments, the problem was 
traced to improper heat-treating. Work progressed to 
determine specifically what the problem was and to 
give a recommendation for what could be done to elim-
inate it. It was determined that the small fluctuations 
in heating temperature and quenching time could be 
depriving the product of its full corrosion resistance. A 
simple and quick test was developed that allowed a heat 
treatment operator to roughly determine the product’s 
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ability to resist corrosion. The amount of retained aus-
tenite in a heat-treated stainless steel product is related 
to the product’s ability to resist corrosion. The smaller 
the amount of retained austenite, the better the product 
will resist corrosion. What follows is one day’s worth 
of test readings. Determine the range, standard devia-
tion, mean, mode, and median for these data.

Time Reading

7:00 12

17

8:00 25

23

9:00 21

19

10:00 28

25

11:00 31

27

12:00 20

28

1:00 23

25

2:00 26

29

35. How do the range, mean, standard deviation, median, 
and mode work together to describe a distribution?

36. Given the histogram shown in Figure P5.2, describe 
it over the phone to someone who has never seen it 
before. Refer to kurtosis, skewness, mean, standard 
deviation, median, mode, and range. Be descriptive.

37. Pictured in Figure P5.3 are three normal curves. 
Assume the one on the left is the expected or accept-
able curve for the process. How did the numerical 
magnitude of the standard deviation change for the 
middle curve? For the curve on the right?

NORMAL CURVE

38. For the call center data in Problem 6, calculate the per-
centage of the calls that last for over 15 minutes. The 

average length of the call is 8 minutes, with a standard 
deviation of 3 minutes.

39. If the average wait time is 12 minutes with a standard 
deviation of 3 minutes, determine the percentage of 
patrons who wait less than 15 minutes for their main 
course to be brought to their tables.

40. The thickness of a part is to have an upper specifica-
tion of 0.925 and a lower specification of 0.870 mm. 
The average of the process is currently 0.917 with a 
standard deviation of 0.005. Determine the percentage 
of product above 0.90 mm.

41. The Rockwell hardness of specimens of an alloy 
shipped by your supplier varies according to a normal 
distribution with mean 70 and standard deviation 3. 
Specimens are acceptable for machining only if their 
hardness is greater than 65. What percentage of speci-
mens will be acceptable? Draw the normal curve dia-
gram associated with this problem.

42. Given the specifications of 7.650 { 0.02 mm diam-
eter for the shaft, use the information from Problem 9 
to determine the percentage of shafts able to meet the 
specification limits.

43. If the mean value of the weight of a particular brand 
of dog food is 20.6 lb and the standard deviation is 
1.3, assume a normal distribution and calculate the 
amount of product produced that falls below the lower 
specification value of 19.7 lb.

44. To create the rocker arm for a car seat recliner, the 
steel must meet a minimum hardness standard. The 
histogram of data in Figure P5.4 provides the Rock-
well hardness test results from a year’s worth of steel 
coil production. Given an average of 44.795 and a 
standard deviation of 0.402, calculate the percent-
age of coils whose hardness is less than the minimum 
requirement of 44.000.

45. Global warming is a concern for this and future gener-
ations. Measurements of the earth’s atmospheric tem-
perature have been taken over the past 100 years. If 
the average temperature has been 50°F with a standard 
deviation of 18°F, what percentage of the temperatures 
have been between 0 and 90°F?

46. For the CD data from Problem 14, determine what 
percentage of the CDs produced are above and below 
the specifications of 120 { 0.3 mm.

FIGURE P5.2  Problem 36
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FIGURE P5.4  Problem 44 Histogram and Statistics
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-0.0824
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FIGURE P5.3  Problem 37
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47. Joe and Sally run a custom car wash. All the washes 
and waxes are done by hand and the interiors are vacu-
umed. Joe and Sally need to do some planning in order 
to schedule cars for appointments. If the mean time 
for a cleanup is 45 minutes and the standard devia-
tion is 10 minutes, what percentage of the cleanups 
will take less than 65 and more than 35 minutes to 
complete? The data the couple has taken are normally 
distributed.

48. A light bulb has a normally distributed light output 
with a mean of 3,000 foot-candles and standard devia-
tion of 50 foot-candles. Find a lower specification limit 
such that only 0.5 percent of the bulbs will not exceed 
this limit.

49. The life of an automotive battery is normally distrib-
uted with a mean of 900 days and a standard deviation 
of 50 days. What fraction of these batteries would be 
expected to survive beyond 1,000 days?

50. Clearly describe the central limit theorem to someone 
who is unfamiliar with it.

51. A sample distribution (closely approximating a nor-
mal distribution) of a critical part dimension has 
an average of 11.85 inches and a sample standard 
deviation of 1.33 inches. The lower specification 
limit is 11.41 inches. The upper specification limit 
is 12.83 inches. What percentage of parts will be 
produced below the lower specification limit of 
11.41 inches?

52. For Problem 18, calculate the percentage of prototypes 
that have a hysteresis greater than 25 ft-lbs.

CONFIDENCE INTERVAL TESTING

53. NB Manufacturing has ordered the construction of a 
new machine to replace an older machine in a machin-
ing cell. Now that the machine has been built, a runoff 
is to be performed. The diameter on the test pieces were 
checked for runout. From the 32 parts sampled, the aver-
age was 0.0015 with a standard deviation of 0.0008. 
The engineers would like to know, with 90 percent con-
fidence, the interval values for the population mean.

54. A manufacturer of light bulbs has sampled 40 bulbs 
in order to determine the population mean life of the 
bulbs. The sample mean was 1,200 hours with a stand-
ard deviation of 100. The manufacturer would like to 
know, with 95 percent confidence, the interval values 
for the population mean.

55. An automotive manufacturer has selected 10 car seats to 
study the Rockwell hardness of the seat recliner mecha-
nism. A sample of 8 has an average of 44.795 and a 
standard deviation of 0.402. At a 95 percent confidence 
level, what is the interval for the population mean?

56. Food preparation in a restaurant must be performed 
carefully to prevent food spoilage or undercooked or 
overcooked food. Oven temperature is a critical fac-
tor. One concerned chef monitors oven temperature 
hourly. He wants to be 99 percent confident that the 
average oven temperature is 350 degrees. From his 50 
samples, he has calculated an average oven tempera-
ture of 351 degrees. The oven manufacturer claims 
that the population standard deviation is two degrees. 
Calculate the confidence interval.
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q➛ caSE StUDY 5.1 

Statistics

PART 1
Angie’s company has recently told her that her pension 
money can now be invested in several different funds. They 
have informed all of their employees that it is the employ-
ee’s decision which of the six risk categories to invest in. 
The six risk categories include conservative, secure, mod-
erate, balanced, ambitious, and aggressive. Within each 
risk category, there are two fund choices. This gives each 
employee twelve funds in which to invest capital.

As the names suggest, each fund category attempts to 
invest the person’s capital in a particular style. A conserva-
tive fund will find investments that will not expose the 
investor’s money to risk. This category is the ”safest.” 
Money invested here is not exposed to great potential 
losses but it is not exposed to great gains either. The aggres-
sive fund is for investors who believe that when nothing 
is ventured, nothing is gained. It takes the greatest risks. 
With this fund, investors have the potential to make great 
gains with their capital. Of course, this is also the fund 
that exposes the investor to the potential for great losses. 

In between, the other four categories mix the amount of 
risk an investor is subject to.

Angie is rather at a loss. In the packet from the invest-
ment company she has received over 150 pages of informa-
tion about each of the accounts. For the past three nights, 
she has been trying to read it all. Now all of the informa-
tion is running together in her head, and she has to make 
up her mind soon.

Just as she is about to give up and throw a dart at the 
dart-board, she discovers an investment performance 
update (Table C5.1.1) among the many pages of data. 
Remembering her statistical training, she decides to study 
the performance of the different funds over the past 11 
years. To fully understand the values she calculates, she 
decides to compare those values with the market perfor-
mance of three market indicators: treasury bills, the Capi-
tal Markets Index, and the Standard & Poor’s 500 Index. 
Investors use these indicators to compare the performance 
of their investments against the market.

q➛ aSSIGNMENt

From Table C5.1.1 calculate the average of each of the 
funds and market performance indicators.

’93 ’94 ’95 ’96 ’97 ’98 ’99 ’00 ’01 ’02 ’03

Conservative

C1 10.4 12.8 18.4 15.0 3.0 8.2 11.3 8.0 13.2 7.3 10.7

C2 10.9 14.0 24.2 15.9 2.5 8.7 13.7 10.2 17.9 8.0 11.6

Secure

S1 18.2 10.2 23.7 18.9 7.8 12.0 23.0 4.4 21.2 8.0 8.2

S2 16.3 9.3 27.8 19.1 0.5 12.8 15.3 1.4 27.9 2.7 13.1

Moderate
M1 14.5 10.0 29.7 23.2 11.6 16.0 19.7 0.8 29.5 7.6 7.5

M2 21.9 14.4 27.2 17.6 6.4 15.7 28.2 4.5 27.6 6.6 4.5

Balanced
B1 29.2 9.2 24.7 17.3 2.3 21.8 22.8 1.4 20.8 7.7 7.5

B2 21.5 8.9 23.2 13.2 7.8 12.7 24.8 2.3 25.6 9.2 11.9

Ambitious
A1 36.2 6.3 32.4 11.8 2.9 14.7 22.9 3.5 38.6 10.8 15.8

A2 27.3 2.6 33.5 14.7 3.4 15.1 32.8 26.1 24.1 13.8 25.2

Aggressive
G1 23.7 7.6 33.4 25.8 5.5 13.3 28.6 6.9 51.5 4.0 24.1

G2 22.3 0.3 38.3 19.7 6.0 14.1 37.0 22.1 57.6 6.4 21.2

Treasury Bills
9.2 10.3 8.0 6.3 6.1 7.1 8.7 8.0 5.7 3.6 6.7

Capital Markets Index
17.7 8.3 28.6 16.5 3.4 13.2 21.6 1.0 25.0 8.4 13.4

Standard & Poor’s 500
22.6 6.3 31.7 18.6 5.3 16.6 31.6 23.1 30.4 7.6 10.1

taBLE c5.1.1 Funds and Market Indices, 1993–2003
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PART 2
As her next step, Angie is going to interpret the results of 
her calculations. To make sure that she has a comfortable 
retirement, she has decided that she would like to have her 
money grow at an average of 15 percent or greater each 
year.

q➛ aSSIGNMENt

Use the average values you calculated to determine which 
funds will average greater than 15 percent return on invest-
ment per year.

PART 3
Angie has narrowed her list to those funds averaging a 15 
percent or greater return on investment per year. That still 
leaves her with several to choose from. Remembering that 
some of the funds are riskier than others, Angie is quick 
to realize that in some years she may not make 15 percent 
or more. She may add 25 percent or higher to her total 
amount of pension, or she may lose 5 percent of her pen-
sion. An average value doesn’t guarantee that she will make 
exactly 15 percent a year. An average reflects how well she 
will do when all of the good years (gains) and bad years 
(losses) are combined.

Angie has 20 years to work before she retires. While this 
gives her some time to increase her wealth, she is concerned 
that a few bad years could significantly lower the amount 
of money that she will retire with. To find the funds that 
have high gains or high losses, she turns her attention to 
the study of the range and standard deviation.

q➛ aSSIGNMENt

Calculate the range and standard deviation associated with 
each of the funds and market indicators with an average of 
15 percent or greater return on investment.

PART 4
For all of the funds that she is interested in, Angie has no-
ticed that the spread of the data differs dramatically. One 
of the ranges is almost 60 points! She has also noticed that 
the riskier the fund, the greater the range of values.

Since the ranges may have been caused by an isolated 
year that was particularly good or particularly bad, Angie 
turns her attention to the standard deviations, which also 
increase as the riskiness of the fund increases.

Decision time! Comparing the average return on invest-
ment yielded by the stock market (Standard & Poor’s 500, 
Capital Markets Index) during this 11-year period, Angie 
notices that several of the investment funds have brought 
in returns that were less than the Standard & Poor’s 500 
market indicator. She decides to take them off her poten-
tial funds list. This removes M2 and B1 from considera-
tion. She also removes from consideration any fund that 
has a large range and standard deviation. Because she is 
willing to take some risk, but not a dramatic one, she 
decides not to invest in the aggressive fund. This removes 
G1 and G2 from consideration. Now she can concentrate 
on a smaller group of funds: M1, A1, A2. So now, instead 
of having to devour hundreds of pages of information, 
Angie can look at the pages detailing the performance of 
these three funds and make her decision about which one 
to invest in.

To help make the choice between these funds, Angie has 
decided to use the Z tables to calculate the percentage of 
time that each fund’s return on investment fell below the 
12 percent that she feels that she absolutely has to make 
each year.

q➛ aSSIGNMENt

Assume a normal distribution and use the Z tables to 
calculate the percentage of each of the remaining funds’ 
return on investments that fell below 12 percent in the 
past 11 years. Do not perform this calculation for the fund 
indicators.
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q➛ caSE StUDY 5.2 

Process Improvement

This case is the second in a four-part series of cases involv-
ing process improvement. The other cases are found at the 
end of Chapters 3, 5, and 6. Data and calculations for this 
case establish the foundation for the future cases; how-
ever, it is not necessary to complete this case or the case in 
Chapter 3 in order to complete and understand the cases 
in Chapters 5 and 6. Completing this case will provide in-
sight into the use of statistical calculations and histograms 
in process improvement. The case can be worked by hand 
or with the software provided.

PART 1
Figure C5.2.1 provides the details of a bracket assembly 
to hold a strut on an automobile in place. Welded to the 
auto body frame, the bracket cups the strut and secures it 
to the frame via a single bolt with a lock washer. Proper 
alignment is necessary for both smooth installation during 
assembly and future performance. For mounting purposes 
the leftside hole, A, must be aligned on center with the 
right-side hole, B. If the holes are centered directly opposite 
each other, in perfect alignment, then the angle between 
hole centers will measure 0°. As the flowchart in Figure 
C5.2.2 shows, the bracket is created by passing coils of 
flat steel through a series of progressive dies. As the steel 
moves through the press, the bracket is stamped, pierced, 
and finally bent into the appropriate shape.

Recently customers have been complaining about hav-
ing difficulty securing the bracket closed with the bolt 

and lock washer. The bolts have been difficult to slide 
through the holes and then tighten. Assemblers complain 
of stripped bolts and snug fittings. Unsure of where the 
problem is, WP Inc.’s management assembles a team con-
sisting of representatives from process engineering, mate-
rials engineering, product design, and manufacturing.

Through the use of several cause-and-effect diagrams, 
the team determines that the most likely cause of the prob-
lems experienced by the customer is the alignment of the 
holes. At some stage in the formation process, the holes 
end up off-center. To confirm their suspicions, during the 
next production run, the bending press operator takes 20 
subgroups of size 5 and measures the angle between the 
centers of the holes for each sample (Figure C5.2.3). The 
specification of the angle between insert hole A and insert 
hole B is 0.00° with a tolerance of {0.30°. The values 
recorded in Figure C5.2.3 represent the distance above (or 
when a minus sign is present, below) the nominal value 
of 0.00°.

q➛ aSSIGNMENt

Utilize the data to create a histogram. Calculate the mean, 
median, mode, standard deviation, and range for all the 
data.

PART 2
Having a histogram and the accompanying statistical in-
formation tells the team a lot about the hole-alignment 
characteristics. Even more can be learned if these process 
data are compared with the specifications as set by the 
customers.

FIGURE C5.2.1   Bracket
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FIGURE C5.2.2  Flowchart of Bracket Fabrication Process
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q➛ aSSIGNMENt

Use the calculations for the area under the normal curve 
to determine the percentage of brackets created with mis-
aligned holes. Remember the specifications for the angle 
between insert hole A and insert hole B are 0.00° with a 
tolerance of {0.30°. You will need to determine the per-
centage of brackets outside each side of the tolerance. How 
are they doing?

PART 3
Using the problem-solving method described in Chapter 3 
(and followed in Case Study 3.2), the team has determined 
that the fixture that holds the flat bracket in place dur-
ing the bending operation needs to be replaced. One of 
the measures of performance that they created during Step 
4 of their problem-solving process is the percentage of 
the parts that are out of specification. We calculated this 
 value in Part 2 of this case. Now that the fixture has been 

 replaced with a better one, the team would like to deter-
mine whether changing the fixture improved the process 
by removing a root cause of hole misalignment.

q➛ aSSIGNMENt

Utilize the data in Figure C5.2.4 to create a histogram. Cal-
culate the mean, median, mode, standard deviation, and 
range for all new data. Use the calculations for the area 
under the normal curve to determine the new percentage 
of brackets created with misaligned holes. Remember: the 
specifications for the angle between insert hole A and insert 
hole B are 0.00° with a tolerance of {0.30°. You will need 
to determine the percentage of brackets outside each side 
of the tolerance. How are they doing when you compare 
their measure of performance, that is, the percentage of the 
parts out of specification both before and after the fixture 
has changed?
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C H A P T E R
S I X

MAJOR TOPICS
 j Control Chart Functions
 j Variation
 j Control Charts for Variables
 j X and R Charts
 j Summary
 j Lessons Learned
 j Formulas
 j Chapter Problems
 j Case Study 6.1 Quality Control for 
Variables

 j Case Study 6.2 Process Improvement
 j Case Study 6.3 Sample-Size 
Considerations

VarIableS Control ChartS

Is it possible for the people attending the meeting in 
the figure to answer the question? How would they 
do it? Can the performance data, average, range, and 
standard deviation be combined into a clear state-
ment of their company’s performance? The study of 
a  process over time can be enhanced by the use of 
control charts in addition to the averages, ranges, and 
standard deviations. Process variation is recorded on 
control charts, which are powerful aids to understand-
ing the performance of a process over time.

q➛ L E A R N I N G  O P P O R T U N I T I E S

1. To understand the concept of variation

2. To understand the difference between assignable 
causes and chance causes

3. To learn how to construct control charts for variables, 
either X and R charts or X and s charts

4. To recognize when a process is under control and when 
it is not

5. To understand the importance of the R and s charts 
when interpreting variable control charts

6. To know how to revise a control chart in which assign-
able causes have been identified and corrected

Apinan/Fotolia
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the analysis of a process by showing how that process 
performs over time.

Control charts serve two basic functions:

1. Control charts are decision-making tools. They pro-
vide an economic basis for making a decision as to 
whether to investigate for potential problems, to adjust 
the process, or to leave the process alone.
a. First and most important, control charts pro-

vide information for timely decisions concerning 
recently produced items. If the control chart shows 
an out-of-control condition, then a decision can be 
made about sorting or reworking the most recent 
production.

b. Control chart information is used to determine the 
process capability, or the level of quality the pro-
cess is capable of producing. Samples of completed 
product can be statistically compared with the 
process specifications. This comparison provides 

Control Chart FUnCtIonS
A group of engineers started working on a process that 
 produces clutch plates. So far their analysis of the pro-
cess has included constructing a histogram and calculat-
ing ranges, averages, and standard deviations. The only 
shortcoming in their analysis is its failure to show pro-
cess performance over time. Let’s take a closer look in 
Table 6.1, and see why that may be important. In table 
format, the data is hard to decipher. It isn’t possible to 
see patterns or trends. When these averages are graphed 
in a histogram, the result closely resembles a normal 
curve (Figure 6.1a). Graphing the averages by subgroup 
number, according to when they were produced, gives 
a different impression of the data (Figure 6.1b). From 
the chart, it appears that the thickness of the clutch 
plate is increasing as production continues. This was 
not evident during the creation of the histogram or the 
analysis of the average, range, and standard deviation. 
A Developed by Dr. Shewhart, control charts enhance 

aXi X

Subgroup  1 0.0625 0.0626 0.0624 0.0625 0.0627 0.3127 0.0625
Subgroup  2 0.0624 0.0623 0.0624 0.0626 0.0625 0.3122 0.0624
Subgroup  3 0.0622 0.0625 0.0623 0.0625 0.0626 0.3121 0.0624
Subgroup  4 0.0624 0.0623 0.0620 0.0623 0.0624 0.3114 0.0623
Subgroup  5 0.0621 0.0621 0.0622 0.0625 0.0624 0.3113 0.0623

Subgroup  6 0.0628 0.0626 0.0625 0.0626 0.0627 0.3132 0.0626
Subgroup  7 0.0624 0.0627 0.0625 0.0624 0.0626 0.3126 0.0625
Subgroup  8 0.0624 0.0625 0.0625 0.0626 0.0626 0.3126 0.0625
Subgroup  9 0.0627 0.0628 0.0626 0.0625 0.0627 0.3133 0.0627
Subgroup 10 0.0625 0.0626 0.0628 0.0626 0.0627 0.3132 0.0626

Subgroup 11 0.0625 0.0624 0.0626 0.0626 0.0626 0.3127 0.0625
Subgroup 12 0.0630 0.0628 0.0627 0.0625 0.0627 0.3134 0.0627
Subgroup 13 0.0627 0.0626 0.0628 0.0627 0.0626 0.3137 0.0627
Subgroup 14 0.0626 0.0626 0.0625 0.0626 0.0627 0.3130 0.0626
Subgroup 15 0.0628 0.0627 0.0626 0.0625 0.0626 0.3132 0.0626

Subgroup 16 0.0625 0.0626 0.0625 0.0628 0.0627 0.3131 0.0626
Subgroup 17 0.0624 0.0626 0.0624 0.0625 0.0627 0.3126 0.0625
Subgroup 18 0.0628 0.0627 0.0628 0.0626 0.0630 0.3139 0.0627
Subgroup 19 0.0627 0.0626 0.0628 0.0625 0.0627 0.3133 0.0627
Subgroup 20 0.0626 0.0625 0.0626 0.0625 0.0627 0.3129 0.0626

Subgroup 21 0.0627 0.0626 0.0628 0.0625 0.0627 0.3133 0.0627
Subgroup 22 0.0625 0.0626 0.0628 0.0625 0.0627 0.3131 0.0626
Subgroup 23 0.0628 0.0626 0.0627 0.0630 0.0627 0.3138 0.0628
Subgroup 24 0.0625 0.0631 0.0630 0.0628 0.0627 0.3141 0.0628
Subgroup 25 0.0627 0.0630 0.0631 0.0628 0.0627 0.3143 0.0629

Subgroup 26 0.0630 0.0628 0.0620 0.0628 0.0627 0.3142 0.0628
Subgroup 27 0.0630 0.0628 0.0631 0.0628 0.0627 0.3144 0.0629
Subgroup 28 0.0632 0.0632 0.0628 0.0631 0.0630 0.3153 0.0631
Subgroup 29 0.0630 0.0628 0.0631 0.0632 0.0631 0.3152 0.0630
Subgroup 30 0.0632 0.0631 0.0630 0.0628 0.0628 0.3149 0.0630

9.3981

table 6.1 Clutch Plate Thickness: Sums and Averages
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172 CHAPTER SIX

information concerning the process’s ability to 
meet the specifications set by the product designer. 
Continual improvement in the production process 
can take place only if there is an understanding of 
what the process is currently capable of producing.

2. Control charts are problem-solving tools. They point 
out where improvement is needed. They help to pro-
vide a statistical basis on which to formulate improve-
ment actions.
a. Control chart information can be used to help 

locate and investigate the causes of the unaccepta-
ble or marginal quality. By observing the patterns 
on the chart, the investigator can determine what 
adjustments need to be made. This type of coordi-
nated problem solving utilizing statistical data leads 
to improved process quality.

b. During daily production runs, the operator can moni-
tor machine production and determine when to make 
the necessary adjustments to the process or when to 
leave the process alone to ensure quality production.

By combining control charts with an appropriate sta-
tistical summary, those studying a process can gain an 
understanding of what the process is capable of producing. 
This will enable them to make decisions concerning future 
production. The axiom applicable to being lost—you can’t 
know which way to go if you don’t know where you are—
also applies to producing a quality product: you can’t pro-
duce quality product in the future if you don’t know what 
you’re producing now. Control charts describe where the 
process is in terms of current performance. Using statistical 
control charting creates a feedback loop enabling the organ-
ization to improve their processes, products, and services.

VarIatIon
In manufacturing and service industries, the goal of most 
processes is to produce products or provide services that 
exhibit little or no variation. Variation, where no two items 
or services are exactly the same, exists in all processes. 
Although it may take a very precise measuring instru-
ment or a very astute consumer to notice the variation, 

any process in nature will exhibit variation. Understanding 
variation and its causes results in better decisions.

Example 6.1 Variation in a Process
Previous examples introduced JRPS as a manufacturer of 
shafts used in motors of all types. They also perform some 
assembly operations, such as attaching an armature onto 
a shaft (Figure 6.2). There are three basic steps in this 
assembly process. First the armature is heated, then the 
operator slides the heated armature onto the shaft. Finally, 
the two pieces are press-fit together.

At JRPS, the assembly department wants to decrease 
the amount of time it takes to perform an assembly 
operation. An analysis of the methods used by the opera-
tors performing the assembly has revealed that one of 
the operators completes the assembly in 75 percent of 
the time it takes another operator performing the same 
assembly operation. Further investigation determines 
that the two operators use shafts produced on different 
machines. The histograms in Figure 6.3 are based on 
measurements of the shafts from the two different pro-
cesses. In Figure 6.3b the spread of the process is con-
siderably smaller, enabling the faster operator to complete 
the assembly much more quickly and with less effort. The 
slower operator must try a part in the assembly, discard 
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0.0620

5 10 15 20 25 30
(b)(a)

0.0630

0.0625

0.0620

FIGURE 6.1  Chart with Histogram

FIGURE 6.2  Electric Motor

FIGURE 6.3  Histograms of Part Measurements 
from Two Machines
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the shaft if it doesn’t fit, and try another shaft. Repeat-
ing the operation when the parts do not fit has made the 
operator much less efficient.

This operator’s apparent lack of speed is actually 
caused by the process and is not the fault of the oper-
ator. We learned from Dr. Deming that management is 
responsible for providing nonfaulty processes. Had man-
agement not investigated variation in the process, they 
might have made incorrect judgments about the opera-
tor’s performance. Instead, they realize that management 
intervention will be necessary to improve production at the 
previous operation and produce shafts with less variation.
 q➛
Several types of variation are tracked with statistical 

methods. These include:

1. Within-piece variation, or the variation within a single 
item or surface. For example, a single square yard of 
fabric may be examined to see if the color varies from 
one location to another.

2. Piece-to-piece variation, or the variation that occurs 
among pieces produced at approximately the same 
time. For example, in a production run filling gallon 
jugs with milk, when each of the milk jugs is checked 
after the filling station, the fill level from jug to jug will 
be slightly different.

3. Time-to-time variation, or the variation in the product 
produced at different times of the day—for example, 
the comparison of a part that has been stamped at the 
beginning of a production run with the part stamped 
at the end of a production run.

The variation in a process is studied by sampling the 
process. Samples are grouped into subgroups depending on 
whether the variation under study is piece-to-piece varia-
tion, within-piece variation, or time-to-time variation. The 
groupings of samples for piece-to-piece variation depend 
on the number of products analyzed during a particular 
time period. Within-piece variation samples are arranged 
in subgroups according to where in the process they are 
taken from. Samples for time-to-time variation are grouped 
according to the time of day that they were taken from the 
process.

Chance and Assignable Causes
Even in the most precise process no two parts are exactly 
alike. Whether these differences are due to chance causes in 
the process or to assignable causes needs to be determined. 
On the one hand, chance, or common causes are random 
changes in the process that cannot be avoided. These small 
differences are due to the inherent variation present in all 
processes. They consistently affect the process and its per-
formance day after day, every day. Variation of this type is 
only removable by making a change in the existing process. 
Removing chance causes from a system usually involves 
management intervention.

Assignable causes, on the other hand, are variations in 
the process that can be identified as having a specific cause. 
Assignable causes are causes that are not part of the process 
on a regular basis. This type of variation arises because 
of specific circumstances. It is these circumstances that the 
quality assurance analyst seeks to find. Examples of assign-
able causes include a size change in a part that occurs when 
chips build up around a work-holding device in a machining 
operation, changes in the thickness of incoming raw mate-
rial, or a broken tool. Sources of variation can be found in 
the process itself, the materials used, the operator’s actions, 
or the environment. Examples of factors that can contribute 
to process variation include tool wear, machine vibration, 
and work-holding devices. Changes in material thickness, 
composition, or hardness are sources of variation. Opera-
tor actions affecting variation include overadjusting the 
machine, making an error during the inspection activity, 
changing the machine settings, or failing to properly align 
the part before machining. Environmental factors affecting 
variation include heat, light, radiation, and humidity.

To illustrate chance and assignable causes consider the 
following example.

Example 6.2 Chance Causes and Assignable 
Causes
To create the flooring of an automobile, a flexible fiber-
glass form is affixed to carpet. This operation takes place 
in an oven and requires intense heat. To achieve a firm 
bond between the two materials, the temperature in the 
oven must remain within a very narrow range. RYMAX, 
a manufacturer of automobile flooring, operates several 
of these ovens in one area. The common causes, those 
causes affecting all of the ovens, are the temperature 
and humidity levels in the building. Special causes affect 
only certain ovens. Special causes would include leaving 
the oven door open to free a trapped form or a door that 
doesn’t seal tightly. Can you think of other common or 
special causes for these ovens? q➛

Control ChartS For 
VarIableS
To create a control chart, samples, arranged into subgroups, 
are taken during the process. The averages of the subgroup 
values are plotted on the control chart. The centerline (CL) 
of this chart shows where the process average is centered, 
the central tendency of the data. The upper control limit 
(UCL) and lower control limit (LCL), calculated based 
on {3s,  describe the spread of the process (Figure 6.4). 
Once the chart is constructed, it presents the user with a 
picture of what the process is currently capable of produc-
ing. In other words, we can expect future production to 
fall between these {3s  limits 99.73 percent of the time, 
providing the process does not change and is under control.

Since control charts show changes in the process meas-
urements, they allow for early detection of process changes. 
Instead of waiting until an entire production run is complete 
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or until the product reaches the end of the assembly line, 
management can have critical part dimensions checked and 
charted throughout the process. If a part or group of parts 
has been made incorrectly, production can be stopped, 
adjusted, or otherwise modified to produce parts correctly. 
This approach permits corrections to be made to the pro-
cess before a large number of parts is produced or, in some 
cases, before the product exceeds the specifications. Early 
detection can avoid scrap, rework, unnecessary adjust-
ments to the process, and/or production delays.

Variables are the measurable characteristics of a product 
or service. Examples of variables include the height, weight, 
or length of a part. One of the most commonly used variable 
chart combinations in statistical process control is the X and 

R charts. Typical X and R charts are shown in Figure 6.5. 
X and R charts are used together to determine the distribu-
tion of the subgroup averages of sample measurements taken 
from a process. The  importance of using these two charts in 
conjunction with each other will become apparent shortly.

X anD r ChartS
The X chart is used to monitor the variation of the sub-
group averages that are calculated from the individual 
sampled data. Averages rather than individual observations 
are used on control charts because average values will indi-
cate a change in the amount of variation much faster than 
will individual values. Control limits on this chart are used 
to evaluate the variation from one subgroup to another. 
A control chart is constructed using the following steps:

Step  1. Define the problem.

Step  2. Select the quality characteristic to be measured.

Step  3. Choose a rational subgroup size to be sampled.

Step  4. Collect the data.

Step  5. Determine the trial centerline for the X chart.

Step  6.  Determine the trial control limits for the X chart.

Step  7.  Determine the trial centerline and control limits 
for the R chart.

Step  8.  Examine and interpret the process control charts.

Step  9. Revise the chart.

Step 10. Achieve the purpose.

FIGURE 6.4  Control Chart Showing Centerline and 
Control Limits
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FIGURE 6.5  Typical X and R Chart
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The following steps and examples explain the con-
struction of an X chart.

1. Define the Problem
In any situation it is necessary to determine what the goal 
of monitoring a particular quality characteristic or group 
of characteristics is. To merely say, “Improve quality,” is 
not enough. Nor is it sufficient to say, “We would like 
to see fewer parts out of specification.” Out of which 
specification? Is it total product performance that is being 
affected or just one particular dimension? Sometimes sev-
eral aspects of a part are critical for part performance; 
occasionally only one is. It is more appropriate to say, 
“The length of these parts appears to be consistently below 
the lower specification limit. This causes the parts to mate 
incorrectly. Why are these parts below specification and 
how far below are they?” In the second statement we have 
isolated the length of the part as a critical dimension. From 
here, control charts can be placed on the process to help 
determine where the true source of the problem is located.

Example 6.3 JRPS Assembly: Defining  
the Problem
JRPS’s assembly area has been experiencing serious 
delays in the assembly of shafts and armatures. As qual-
ity assurance manager, you have been asked to determine 
the cause of these delays and fix the problems as soon 
as possible. To best utilize the limited time available, 
you convene a meeting involving those closest to the 
assembly problems. Representatives from production, 
supervision, manufacturing engineering, industrial engi-
neering, quality assurance, and maintenance have been 
able to generate a variety of possible problems. During 
this meeting, a cause-and-effect diagram was created, 
showing the potential causes for the assembly difficulties 

(Figure 6.6). Discussions during the meeting revealed 
that the shaft dimensions could be the major cause of 
assembly problems. q➛

2. Select the Quality Characteristic  
to Be Measured
Variable control charts are based on measurements. The 
characteristics selected for measurement should be ones 
that affect product or service performance. Choice of a 
characteristic to be measured depends on what is being 
investigated. Characteristic choice also depends on whether 
the process is being monitored for within-piece variation, 
piece-to-piece variation, or variation over time. Product 
or service characteristics such as length, height, viscos-
ity, color, temperature, and velocity are typically used in 
manufacturing settings. Characteristics affecting perfor-
mance are found in many aspects of a product, including 
raw materials, components, subassemblies, and finished 
products. Delivery times, checkout times, and service 
times are examples of characteristics chosen in a service 
industry. It is crucial to identify important characteristics; 
avoid the tendency to try to establish control charts for all 
measurements.

Example 6.4 JRPS Assembly: Identifying  
the Quality Characteristic
As the troubleshooting meeting described in Example 6.3 
continues, further investigation reveals that the length of 
the shaft is hindering assembly operations. The charac-
teristic to measure has been identified as piece-to-piece 
variation in the length of the shafts. To begin to study the 
situation, measurements of the lengths of the shafts will 
be sampled. q➛

FIGURE 6.6  Assembly: Cause-and-Effect Diagram
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3. Choose a Rational Subgroup Size  
to Be Sampled
Subgroups, and the samples composing them, must be 
homogeneous. A homogeneous subgroup will have been 
produced under the same conditions, by the same machine, 
the same operator, the same mold, and so on. Homogene-
ous lots can also be designated by equal time intervals. 
Samples should be taken in an unbiased, random fashion. 
They should be representative of the entire population. 
Subgroup formation should reflect the type of variation 
under study. Subgroups used in investigating piece-to-piece 
variation will not necessarily be constructed in the same 
manner as subgroups formed to study time-to-time varia-
tion. The letter n is used to designate the number of sam-
ples taken within a subgroup. When constructing X and 
R charts, keep the subgroup sample size constant for each 
subgroup taken.

Decisions concerning the specific size of the sub-
group—n, or the number of samples—require judgment. 
Sampling should occur frequently enough to detect changes 
in the process. Ask how often is the system expected to 
change. Examine the process and identify the factors caus-
ing change in the process. To be effective, sampling must 
occur as often as the system’s most frequently changing 
factor. Once the number and frequency of sampling have 
been selected, they should not be changed unless the system 
itself has changed.

Realistically, sampling frequency must balance the 
value of the data obtained with the costs of taking the 
samples. Sampling is usually more frequent when control 
charts are first used to monitor the process. As process 
improvements are made and the process stabilizes, the fre-
quency of sampling and subgroup size can be decreased.

When gathering sample data, it is important to have 
the following information in order to properly analyze the 
data:

1. Who will be collecting the data?
2. What aspect of the process is to be measured?
3. Where or at what point in the process will the sample 

be taken?
4. When or how frequently will the process be sampled?
5. Why is this particular sample being taken?
6. How will the data be collected?
7. How many samples will be taken (subgroup size)?

Some other guidelines to be followed include:

 j The larger the subgroup size, the more sensitive the 
chart becomes to small variations in the process aver-
age. This will provide a better picture of the process 
since it allows the investigator to detect changes in the 
process quickly.

 j While a larger subgroup size makes for a more sensi-
tive chart, it also increases inspection costs.

 j Destructive testing may make large subgroup sizes 
unfeasible. For example, it would not make sense for 
a fireworks manufacturer to test each and every one of 
its products.

 j Subgroup sizes smaller than four do not create a repre-
sentative distribution of subgroup averages. Subgroup 
averages are nearly normal for subgroups of four or 
more even when sampled from a nonnormal population.

 j When the subgroup size exceeds 10, the standard devia-
tion (s) chart, rather than the range (R) chart, should be 
used. For large subgroup sizes, the s chart gives a better 
representation of the true dispersion or true differences 
between the individuals sampled than does the R chart.

Example 6.5 JRPS Assembly: Selecting Subgroup 
Sample Size
The production from the machine making the shafts 
first looked at in Example 6.3 is consistent at 150 per 
hour. Since the process is currently exhibiting prob-
lems, your team has decided to take a sample of five 
measurements every 10 minutes from the production. 
The values for the day’s production run are shown in 
Figure 6.7. q➛ 

4. Collect the Data
To create a control chart, an amount of data sufficient to 
accurately reflect the statistical control of the process must 
be gathered. A minimum of 20 subgroups of sample size 
n = 4 is suggested. Each time a subgroup of sample size n 
is taken, an average is calculated for the subgroup. To do 
this, the individual values are recorded, summed, and then 
divided by the number of samples in the subgroup. This 
average, Xi, is then plotted on the control chart.

Example 6.6 JRPS Assembly: Collecting Data
A sample of size n = 5 is taken at 10-minute intervals 
from the process making shafts. As shown in Figure 6.7, 
a total of 21 subgroups of sample size n = 5 have been 
taken. Each time a subgroup sample is taken, the indi-
vidual values are recorded [Figure 6.7, (1)], summed, 
and then divided by the number of samples taken to 
get the average for the subgroup [Figure 6.7, (2)]. This 
subgroup average is then plotted on the control chart 
[ Figure 6.8, (1)]. q➛

5. Determine the Trial Centerline  
for the X Chart
The centerline of the control chart is the process average. 
It would be the mean, m, if the average of the population 
measurements for the entire process were known. Since 
the value of the population mean m cannot be determined 
unless all of the parts being produced are measured, in 
its place the grand average of the subgroup averages, X 
(X double bar), is used. The grand average, or X, is cal-
culated by summing all the subgroup averages and then 
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FIGURE 6.7  Values for a Day’s Production

DEPT. Assembly PART NAME Shaft

PART NO. 1 MACHINE 1

GROUP 1 VARIABLE length

Subgroup 1 2 3 4 5

Time 07:30 07:40 07:50 08:00 08:10

Date 07/02/95 07/02/95 07/02/95 07/02/95 07/02/95

1 11.95 12.03 12.01 11.97 12.00
2 12.00 12.02 12.00 11.98 12.01
3 12.03 11.96 11.97 12.00 12.02
4 11.98 12.00 11.98 12.03 12.03
5 12.01 11.98 12.00 11.99 12.02

X 11.99 12.00 11.99 11.99 12.02
Range 0.08 0.07 0.04 0.06 0.03

Subgroup 6 7 8 9 10
Time 08:20 08:30 08:40 08:50 09:00
Date 07/02/95 07/02/95 07/02/95 07/02/95 07/02/95
1 11.98 12.00 12.00 12.00 12.02
2 11.98 12.01 12.01 12.02 12.00
3 12.00 12.03 12.04 11.96 11.97
4 12.01 12.00 12.00 12.00 12.05
5 11.99 11.98 12.02 11.98 12.00

X 11.99 12.00 12.01 11.99 12.01
Range 0.03 0.05 0.04 0.06 0.08

Subgroup 11 12 13 14 15
Time 09:10 09:20 09:30 09:40 09:50
Date 07/02/95 07/02/95 07/02/95 07/02/95 07/02/95
1 11.98 11.92 11.93 11.99 12.00
2 11.97 11.95 11.95 11.93 11.98
3 11.96 11.92 11.98 11.94 11.99
4 11.95 11.94 11.94 11.95 11.95
5 12.00 11.96 11.96 11.96 11.93

X 11.97 11.94 11.95 11.95 11.97
Range 0.05 0.04 0.05 0.06 0.07

Subgroup 16 17 18 19 20
Time 10:00 10:10 10:20 10:30 10:40
Date 07/02/95 07/02/95 07/02/95 07/02/95 07/02/95
1 12.00 12.02 12.00 11.97 11.99
2 11.98 11.98 12.01 12.03 12.01
3 11.99 11.97 12.02 12.00 12.02
4 11.96 11.98 12.01 12.01 12.00
5 11.97 11.99 11.99 11.99 12.01

X 11.98 11.99 12.01 12.00 12.01
Range 0.04 0.05 0.03 0.06 0.03

Subgroup 21
Time 10:50
Date 07/02/95

1 12.00
2 11.98
3 11.99
4 11.99
5 12.02

X 12.00
Range 0.04

1

2
3

1

2 3
R = 0.05 = 12.02 – 11.97

12.00 + 11.98 + 11.99 + 11.96 + 11.97
5

= 11.98
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dividing by the number of subgroups. This value is plotted 
as the centerline of the X chart:

X =
am
i = 1

 Xi

m
where

 X = average of the subgroup averages
 Xi = average of the ith subgroup
 m = number of subgroups

6. Determine the Trial Control Limits  
for the X Chart
Figure 6.1 showed how a control chart is a time-dependent 
pictorial representation of a normal curve displaying the 
distribution of the averages of the samples taken from the 
process.

We learned that 99.73 percent of the data under a 
normal curve falls within {3s. Because of this, control 
limits are established at {3 standard deviations from the 
centerline for the process using the following formulas:

 UCLX = X + 3sx

 LCLX = X - 3sx

where

 UCL = upper control limit of the X chart
 LCL = lower control limit of the X chart

 sx =  population standard deviation of the sub-
group averages

The population standard deviation s is needed to cal-
culate the upper and lower control limits. Since control 
charts are based on sample data, Dr. Shewhart developed 
a good approximation of 3sX  using the product of an  
A2 factor multiplied by R, the average of the ranges. The A2R  
combination uses the sample data for its calculation.  
R is calculated by summing the values of the individual sub-
group ranges and dividing by the number of subgroups m:

R =
am
i = 1

Ri

m
where

 R = average of the ranges
 Ri = individual range values for the sample
 m = number of subgroups

A2, the factor that allows the approximation 
A2R ≈ 3s x to be true, is selected based on the subgroup 
sample size n. See Figure 6.9 or Appendix 2 for the A2 
values.’

Upon replacement, the formulas for the upper and 
lower control limits become

 UCLX = X + A2R
 LCLX = X + A2R

After calculating the control limits, we place the cen-
terline (X) and the upper and lower control limits (UCL 
and LCL, respectively) on the chart. The upper and lower 
control limits are shown by dashed lines. The grand av-
erage, or X, is shown by a solid line. The control limits 

FIGURE 6.8   X and R Control Charts for Shaft Length
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on the X chart will be symmetrical about the central line. 
These control limits are used to evaluate the variation in 
quality from subgroup to subgroup.

Example 6.7 JRPS Assembly: Calculating  
the X Chart Centerline and Control Limits
Construction of an X chart begins with the calculation of 
the centerline, X. Using the 21 subgroups of sample size 
n = 5 provided in Figure 6.7, we calculate X by summing 
all the subgroup averages based on the individual samples 
taken and then dividing by the number of subgroups, m:

 X =
11.99 + 12.00 + 11.99 + g + 12.00

21

 =
251.77

21
= 11.99

This value is plotted as the centerline of the X chart 
[Figure 6.8, (2)].

R is calculated by summing the values of the indi-
vidual subgroup ranges (Figure 6.7) and dividing by the 
number of subgroups, m:

 R =
0.08 + 0.07 + 0.04 + g + 0.04

21

 =
1.06
21

= 0.05

The A2 factor for a sample size of five is selected 
from the table in Appendix 2. The values for the upper and 
lower control limits of the X chart are calculated as follows:

 UCLX = X + A2R
 = 11.99 + 0.577(0.05) = 12.02

 LCLX = X - A2R
 = 11.99 - 0.577(0.05) = 11.96

Once calculated, the upper and lower control limits 
(UCL  and LCL, respectively) are placed on the chart 
[Figure 6.8, (3)]. q➛ 

7. Determine the Trial Control Limits  
for the R Chart
When an X chart is used to evaluate the variation in 
quality from subgroup to subgroup, the range chart is 
a method of determining the amount of variation in the 
individual samples. The importance of the range chart is 
often overlooked. Without the range chart, or the stand-
ard deviation chart to be discussed later, it would not be 
possible to fully understand process capability. Where the 
X chart shows the average of the individual subgroups, 
giving the viewer an understanding of where the process 
is centered, the range chart shows the spread or disper-
sion of the individual samples within the subgroup. The 
calculation of the spread of the measurements is necessary 
to determine whether the parts being produced are similar 
to one another. If the product displays a wide spread or a 
large range, then the individuals being produced are not 
similar to each other. Figure 6.10 shows that each of the 
subgroups has the same average; however, their samples 

spread differently. The optimal situation from a quality 
perspective is when the parts are grouped closely around 
the process average. This situation will yield a small value 
for both the range and the standard deviation, meaning 
that the measurements are very similar to each other.

Individual ranges are calculated for each of the sub-
groups by subtracting the highest value in the subgroup 
from the lowest value. These individual ranges are then 
summed and divided by the total number of subgroups to 
calculate R, the centerline of the R chart. The range chart 
upper and lower control limits are calculated in a manner 
similar to the X chart limits.

 R =
am
i = 1

Ri

m
 UCLR = R + 3sR

 LCLR = R - 3sR

where

 UCLR = upper control limit of the R chart
 LCLR = lower control limit of the R chart

 sR =   population standard deviation of the sub-
group ranges

To estimate the standard deviation of the range sR for 
the R chart, the average of the subgroup ranges (R) multi-
plied by the D3 and D4 factors is used:

 UCLR = D4R
 LCLR = D3R

FIGURE 6.10  Histograms 
with Same Averages, 
 Different Ranges

o

o

o

M06_SUMM3273_06_SE_C06.indd   180 10/28/16   9:18 PM



Variables Control Charts      181

Along with the value of A2, the values of D3 and D4 are 
found in the table in Appendix 2. These values are selected 
on the basis of the subgroup sample size n.

The control limits, when displayed on the R chart, 
should theoretically be symmetrical about the centerline 
(R). However, because range values cannot be negative, 
a value of zero is given for the lower control limit with 
sample sizes of six or less. This results in an R chart that 
is asymmetrical. As with the X chart, control limits for the 
R chart are shown with a dashed line. The centerline is 
shown with a solid line.

Even with subgroup values larger than six, frequently 
the LCL of the range chart is kept at zero. This is in keeping 
with the desire to achieve zero variation between the parts 
being produced. However, this approach is not recom-
mended because points below the calculated lower control 
limit would be identified as special variation. The values 
below the lower control limit indicate that reduced varia-
tion is present in the process. If the cause of this decrease in 
variation could be found and replicated, then the variation 
present in the process would be diminished.

Example 6.8 JRPS Assembly: Calculating the 
R-Chart Centerline and Control Limits
Constructing an R chart is similar to creating an X chart. 
To begin the process, individual range values are calcu-
lated for each of the subgroups by subtracting the highest 
value in the subgroup from the lowest value [Figure 6.7, 
(3)]. Once calculated, these individual range values (Ri) 
are plotted on the R chart [Figure 6.8, (6)].

To determine the centerline of the R chart, individual 
range (Ri) values are summed and divided by the total 
number of subgroups to give R [Figure 6.8, (4)].

 R =
0.08 + 0.07 + 0.04 + g + 0.04

21

 =
1.06
21

= 0.05

With n = 5, the values of D3 and D4 are found in the 
table in Appendix 2. The control limits for the R chart are 
calculated as follows:

 UCLR = D4R
 = 2.114(0.05) = 0.11

 LCLR = D3R
 = 0(0.05) = 0

The control limits are placed on the R chart 
[Figure 6.8, (5)]. q➛ 

8. Examine the Process: Control Chart 
Interpretation
Correct interpretation of control charts is essential to man-
aging a process. Automated data collection and comput-
erized control chart creation makes the interpretation of 
control charts crucial. Understanding the sources and poten-
tial causes of variation is critical to good management deci-
sions. Managers must be able to determine if the variation 

present in a process is indicating a trend that must be dealt 
with or is merely random variation natural to the process. 
Misinterpretation can lead to a variety of losses, including

 j Blaming people for problems that they cannot control
 j Spending time and money looking for problems that 

do not exist
 j Spending time and money on process adjustments or 

new equipment that are not necessary
 j Taking action where no action is warranted
 j Asking for worker-related improvements where pro-

cess or equipment improvements need to be made first

If a process is understood and adjustments have been 
made to stabilize the process, then the benefits are many. 
Once the performance of a process is predictable, there is 
a sound basis for making plans and decisions concerning 
the process, the system, and its output. Costs to manufac-
ture the product or provide the service become predictable. 
Quality levels and how quality compares with expectations 
can be determined. The effects of changes made to the pro-
cess can be measured and evaluated with greater accuracy 
and reliability.

Process Variation Because variation is present in 
all aspects of our lives, we already have developed an 
understanding of what is usual or unusual variation. For 
instance, on the basis of a six-month history of commuting, 
we may expect our commute to work to take 25 minutes, 
give or take a minute or two. We would be surprised if 
the commute took only 15 minutes. We would look for an 
assignable cause: Perhaps traffic was lighter because we 
left earlier. By the same token, we would be upset if the 
commute took 40 minutes and we would want to know 
why. A traffic accident could be the assignable cause that 
meant such an increase in commuting time. We continu-
ally make decisions on the basis of an interpretation of the 
amount of variation from the expected value we encounter. 
Included in these decisions are whether we think this is ran-
dom (chance) variation or unusual (assignable) variation.

The patterns or variation on a control chart are not 
too different from the variation that exists in everyday life. 
Whether we are following weight gain or loss, household 
expenses from month to month, or the gas mileage of our 
cars, variation exists. These values are never exactly the 
same from measurement to measurement. For example, 
in the corporate environment, sales, profits, and costs are 
never exactly the same from month to month.

State of Process Control A process is considered to be 
in a state of control, or under control, when the perfor-
mance of the process falls within the statistically calcu-
lated control limits and exhibits only chance, or common, 
causes. When a process is under control it is considered 
stable and the amount of future variation is predictable.  
A stable process does not necessarily meet the specifica-
tions set by the designer or exhibit minimal variation; a sta-
ble process merely has a predictable amount of variation.

(Continued on page 183)

M06_SUMM3273_06_SE_C06.indd   181 10/28/16   9:18 PM



182 CHAPTER SIX

Data is a key aspect of computer-integrated manufacturing at 
Whisks Electronics Corporation. Automated data acquisition 
systems generate timely data about the product produced and 
the process producing it. Whisks believes that decision-making 
processes can be enhanced by using valid data that have been 
organized in an effective manner. For this reason, Whisks uses 
an integrated system of automated statistical process control 
programming, data collection devices, and programmable logic 
controllers (PLCs) to collect statistical information about its 
silicon wafer production. Utilizing the system relieves the process 
engineers from the burden of number crunching, freeing time for 
critical analysis of the data.

Customers purchase blank silicon wafers from Whisks and etch 
their own integrated circuits onto them. The silicon wafers must be 
made to a target value of 0.2500 mm. Whisks uses X to monitor 
wafer thickness and R charts to monitor the consistency of wafer 
thickness.

Using micrometers linked to PLCs, every 15 minutes, four 
wafers are randomly selected and measured in the order they are 
produced. These values (Figure 6.11) are stored in a database that 
is accessed by the company’s statistical process control software. 
This subgroup size and sampling frequency were chosen based on 
the number of silicon wafers produced per hour.

The centerline and control limits of the X chart were  
calculated.

 X =
(0.2500 + 0.2503 + 0.2498 + g + 0.2495)

15
 X = 0.2500 mm

where

 X = the centerline of the X chart
 X = the individual subgroup averages
 m = the number of subgroups

 R =
(0.002 + 0.003 + 0.003 + g + 0.004)

15
 R = 0.0037 mm

Upper control limit, X

 UCLX = X + A2R
 UCLX = 0.2500 + 0.729(0.0037)
 UCLX = 0.2527 mm

Lower control limit, X

 LCLX = X - A2R
 LCLX = 0.2500 - 0.729(0.0037)
 LCLX = 0.2473 mm

Upper control limit, R

 UCLR = D4R
 UCLR = 2.282(0.0037)
 UCLR = 0.0084 mm

Lower control limit, R

 LCLR = D3R
 LCLR = 0(0.0037)
 LCLR = 0.0

X and R charts provide information about process centering and 
process variation. If we study the X chart (Figure 6.12), it shows 
that the wafer thickness is centered around the target value of 
0.2500 mm. Studying the R chart and noting the magnitude of the 
values (Figure 6.13) reveals that variation is present in the process. 
Not all the wafers are uniform in their thickness. The customer’s 
target value is 0.2500, while the process values have the potential 
to vary as much as 0.0084 (UCL). Whisks will have to determine 
the best method of removing variation from their silicon wafer pro-
duction process.

Monitoring Silicon Wafer Thickness real toolS for real lIFeq➛

X R

Subgroup  1 0.2500 0.2510 0.2490 0.2500 0.2500 0.002

Subgroup  2 0.2510 0.2490 0.2490 0.2520 0.2503 0.003

Subgroup  3 0.2510 0.2490 0.2510 0.2480 0.2498 0.003

Subgroup  4 0.2490 0.2470 0.2520 0.2480 0.2490 0.005

Subgroup  5 0.2500 0.2470 0.2500 0.2520 0.2498 0.005

Subgroup  6 0.2510 0.2520 0.2490 0.2510 0.2508 0.003

Subgroup  7 0.2510 0.2480 0.2500 0.2500 0.2498 0.003

Subgroup  8 0.2500 0.2490 0.2490 0.2520 0.2500 0.003

Subgroup  9 0.2500 0.2470 0.2500 0.2510 0.2495 0.004

Subgroup 10 0.2480 0.2480 0.2510 0.2530 0.2500 0.005

Subgroup 11 0.2500 0.2500 0.2500 0.2530 0.2508 0.003

Subgroup 12 0.2510 0.2490 0.2510 0.2540 0.2513 0.005

Subgroup 13 0.2500 0.2470 0.2500 0.2510 0.2495 0.004

Subgroup 14 0.2500 0.2500 0.2490 0.2520 0.2503 0.003

Subgroup 15 0.2500 0.2470 0.2500 0.2510 0.2495 0.004

FIGURE 6.11  Silicon Wafer Thickness
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in a disruption to a system or a process that is operating 
correctly except for the assignable cause. To treat chance 
causes as assignable causes is an ineffective use of resources 
because the variation is inherent in the process.

When a system is subject to only chance causes of vari-
ation, 99.73 percent of the parts produced will fall within 
{3s. This means that if 1,000 subgroups are sampled, 
997 of the subgroups will have values within the upper 
and lower control limits. Based on the normal curve, a 
control chart can be divided into three zones (Figure 6.14). 
Zone A is {1 standard deviation from the centerline and 
should contain approximately 68.3 percent of the calcu-
lated sample averages or ranges. Zone B is {2 stand-
ard deviations from the centerline and should contain 
27.2 percent (95.5 percent - 68.3 percent) of the points. 
Zone C is {3 standard deviations from the centerline 

q➛

FIGURE 6.12  X Chart for Silicon Wafer Thickness

Thickness
X-bar UCL = 0.2527, X = 0.2500,

LCL = 0.2473 (n = 4)

0.252

0.251

0.250

0.249

0.248

UCLX

LCLx

CL

FIGURE 6.13  R Chart for Silicon Wafer Thickness

Range UCL = 0.0084, R = 0.0037,
LCL = 0 (n = 4)    

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

0.008

0.007
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R

There are several benefits to a stable process with pre-
dictable variation. When the process performance is pre-
dictable, there is a rational basis for planning. It is fairly 
straightforward to determine costs associated with a stable 
process. Quality levels from time period to time period are 
predictable. When changes, additions, or improvements 
are made to a stable process, the effects of the change can 
be determined quickly and reliably.

When an assignable cause is present, the process is 
considered unstable, out of control, or beyond the expected 
normal variation. In an unstable process the variation is 
unpredictable, meaning that the magnitude of the variation 
could change from one time period to another. Quality 
assurance analysts need to determine whether the varia-
tion that exists in a process is common or assignable. To 
treat an assignable cause as a chance cause could result 
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and should contain only approximately 4.2 percent of the 
points (99.7 percent - 95.5 percent). With these zones as 
a guide, a control chart exhibits a state of control when:

1. Two-thirds of the points are near the center value.
2. A few of the points are on or near the center value.
3. The points appear to float back and forth across the 

centerline.
4. The points are balanced (in roughly equal numbers) on 

both sides of the centerline.
5. There are no points beyond the control limits.
6. There are no patterns or trends on the chart.

While analyzing X and R charts, take a moment to 
study the scale of the range chart, i.e., the y-axis. How does 
the magnitude of the R values compare with the X-bar 
values? The spread of the upper and lower control limits 
will reveal whether a significant amount of variation is 
present in the process. This clue to the amount of variation 
present may be overlooked if the R chart is checked only 
for patterns or out-of-control points. A sample X and R 
chart with all points within control limits can be found in 
Figures 6.11, 6.12, and 6.15.

The importance of having a process under control 
cannot be overemphasized. When a process is under con-
trol, a number of advantages can be found. The process 
capability, which tells how the current production com-
pares with the specification limits, can be calculated. Once 
known, the process capability can be used in making deci-
sions concerning the appropriateness of product or service 

specifications, of the amount of rework or scrap being 
created by the process, and of whether the parts should be 
used or shipped. 

Identifying Patterns A process that is not under con-
trol or is unstable displays patterns of variation. Patterns 
signal the need to investigate the process and determine 
if an assignable cause can be found for the variation. 
 Figures 6.15 through 6. 22 display a variety of out-of-control 
conditions and give some reasons why those conditions 
may exist.

Trends or Steady Changes in Level A trend is a steady, 
progressive change in the location where the data are cen-
tered on the chart. In the Real Tools for Real Life feature, 

FIGURE 6.14  Zones on a Control Chart
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X
A
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FIGURE 6.15  Control Chart with Grand Mean = 23.875
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a breakdown of the chemicals used in the process, or some 
other gradual change.

R-chart trends could be due to changes in worker 
skills, shifting work-holding devices, or wearout. Improve-
ments would lead to less variation; increases in variation 
would reflect a decrease in skill or a change in the quality 
of the incoming material.

An oscillating trend would also need to be investi-
gated (Figure 6.17). In this type of trend the points oscil-
late up and down for approximately 14 points or more. 

Figure 6.16 displays a downward trend on the R chart. 
Note that the points were found primarily in the upper 
half of the control chart at the beginning of the process 
and on the lower half of the chart at the end. The key to 
identifying a trend or steady change in level is to recognize 
that the points are slowly and steadily working their way 
from one level of the chart to another.

A trend may appear on the X chart because of tool 
or die wear, a gradual deterioration of the equipment, a 
buildup of chips, a slowly loosening work-holding device, 

Consider the following information concerning work performed 
at a local doctor’s office. The office management wanted to see 
a serious improvement in the amount of time it took to process 
the insurance forms. Without giving any specific instructions, the 
management encouraged the staff to work harder and smarter.

Process improvements were needed since a decrease in the 
time required to process and file insurance claim forms would help 
alleviate a backlog of work. Errors being made on the forms also 
needed to be reduced. The individuals handling the insurance-
form processing were a well-trained and experienced group who 
felt that they were all performing to the best of their ability, that 
this was a stable process. If it were a stable process, improve-
ments would only come about with a change in the methods uti-
lized to process and file the forms. To support this statement, the 
staff monitored their own performance, using control charts, for 
the next month.

This control charting, using an X and R chart combination, 
showed that completing and processing each insurance form 
required an average of 23.875 minutes (Figure 6.14). The R chart 

was examined first to gain an understanding of the precision or lack 
of variation present in the process. As shown by the R chart, there 
was a slight variation in the time required to process the forms. 
Overall, the performance appeared to be very stable; no points went 
beyond the control limits and there were no unusual patterns. The 
process exhibited only chance causes of variation.

When presented with these data, management realized they 
had to do more than encourage the staff to work harder or work 
smarter. Beginning with the control chart, further investigation into 
the situation occurred. As a result of their investigations, manage-
ment decided to change the insurance form and implement a new 
computerized billing/insurance processing system. Upon comple-
tion of operator training, this system was monitored through control 
charts, and as can be seen in Figure 6.15, the processing time was 
reduced to an average of 10.05 minutes. Note the decreasing trend 
on the R chart showing that the work time continues to become 
more precise over time. An increase in performance of this magni-
tude was possible only through intervention by management and a 
major change to the existing system. 

Common Cause Variation in a Process real toolS for real lIFeq➛

q➛

FIGURE 6.16  Control Chart with Grand Mean = 10.059
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This could be due to a lack of homogeneity, perhaps a 
mixing of the output from two machines making the same 
product.

Change, Jump, or Shift in Level Figure 6.18 displays 
what is meant by a change, jump, or shift in level. Note 
that the process begins at one level (Figure 6.18a) and 
jumps quickly to another level (Figure 6.18b) as the process 
continues to operate. This change, jump, or shift in level 
is fairly abrupt, unlike a trend described above. A change, 
jump, or shift can occur either on the X or R chart or on 
both charts. Causes for sudden shifts in level tend to reflect 
some new and fairly significant difference in the process. 
When investigating a sudden shift or jump in level, look 
for significant changes that can be pinpointed to a spe-
cific moment in time. For the X chart, causes include new 
machines, dies, or tooling; the minor failure of a machine 
part; new or inexperienced workers; new batches of raw 
material; new production methods; or changes to the pro-
cess settings. For the R chart, potential sources of jumps or 
shifts in level causing a change in the process variability or 
spread include a new or inexperienced operator, a sudden 
increase in the play associated with gears or work-holding 
devices, or greater variation in incoming material.

Runs A process can be considered out of control when 
there are unnatural runs present in the process. Imagine 
tossing a coin. If two heads occur in a row, the onlooker 
would probably agree that this occurred by chance. Even 
though the probability of the coin landing with heads 
showing is 50-50, no one expects coin tosses to alternate 
between heads and tails. If, however, an onlooker saw 

someone toss six heads in a row, that onlooker would 
probably be suspicious that this set of events is not due to 
chance. The same principle applies to control charts. While 
the points on a control chart do not necessarily alternate 
above and below the centerline in a chart that is under 
control, the points are normally balanced above and below 
the centerline. A cluster of seven points in a row above 
or below the centerline would be improbable and would 
likely have an assignable cause. The same could be said 
for situations where 10 out of 11 points or 12 out of 14 
points are located on one side or the other of the centerline 
(Figure  6.19a,b,c). A run may also be considered a trend 
if it displays increasing or decreasing values.

Runs on the X chart can be caused by temperature 
changes; tool or die wear; gradual deterioration of the 
process; or deterioration of the chemicals, oils, or cooling 
fluids used in the process. Runs on the R chart (Figure 
6.20) signal a change in the process variation. Causes for 
these R-chart runs could be a change in operator skill, 
either an improvement or a decrement, or a gradual 
improvement in the homogeneity of the process because 
of changes in the incoming material or changes to the 
process itself.

Recurring Cycles Recurring cycles are caused by system-
atic changes related to the process. When investigating 
what appears to be cycles (Figure 6.21) on the chart, it 
is important to look for causes that will change, vary, or 
cycle over time. For the X chart, potential causes are tool 
or machine wear conditions, an accumulation and then 
removal of chips or other waste material around the tool-
ing, maintenance schedules, periodic rotation of operators, 

FIGURE 6.17  An Oscillating Trend
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FIGURE 6.18  Change in Level
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FIGURE 6.19  Runs
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worker fatigue, periodic replacement of cooling fluid or 
cutting oil, or changes in the process environment such as 
temperature or humidity. Cycles on an R chart are not as 
common; an R chart displays the variation or spread of the 
process, which usually does not cycle. Potential causes are 
related to lubrication cycles and operator fatigue.

Cycles can be difficult to locate because the entire cycle 
may not be present on a single chart. The frequency of 
inspection could potentially cause a cycle to be overlooked. 
For example, if the cycle occurs every 15 minutes and sam-
ples are taken only every 30 minutes, then it is possible for 
the cycle to be overlooked.
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Two Populations When a control chart is under control, 
approximately 68 percent of the sample averages will fall 
within {1s of the centerline. When a large number of the 
sample averages appear near or outside the control limits, 
two populations of samples might exist. “Two popula-
tions” refers to the existence of two (or more) sources of 
data.

On an X chart, the different sources of production 
might be due to the output of two or more machines being 
combined before sampling takes place. It might also occur 

because the work of two different operators is combined or 
two different sources of raw materials are brought together 
in the process. A two-population situation means that the 
items being sampled are not homogeneous (Figure 6.22). 
Maintaining the homogeneity of the items being sampled 
is critical for creating and using control charts.

This type of pattern on an R chart signals that different 
workers are using the same chart or that the variation is 
due to the fact that raw materials are coming from differ-
ent suppliers.

FIGURE 6.20  Run of Points

560

536

511

487

463

438

25.2

18.9

12.6

6.3

0.0

UCLx

LCLx

UCLr

X
 
B
A
R
 
C
H
A
R
T

R
 
C
H
A
R
T

DEPT. Cooking PART NAME Fries
VARIABLE Oil Temperature

Grand Mean = 499     LCLxbar  = 438 UCLxbar = 560
Mean Range = 12.6    UCLrange = 25.2

CL

CL

FIGURE 6.21  Cycle in Part Thickness
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Mistakes The “mistakes” category combines all the other 
out-of-control patterns that can exist on a control chart 
(Figure 6.23). Mistakes can arise from calculation errors, 
calibration errors, and testing-equipment errors. They gen-
erally show up on a control chart as a lone point or a small 
group of points above or below the control limits. Finding 
these problems takes effort but is necessary if the process 
is going to operate to the best of its ability.

9. Revise the Chart
There are two circumstances under which the control chart 
is revised and new limits calculated. Existing calculations 
can be revised if a chart exhibits good control and any 
changes made to improve the process are permanent. When 
the new operating conditions become routine and no out-
of-control signals have been seen, the chart may be revised. 
The revisions provide a better estimate of the population 

standard deviation, representing the spread of all of the 
individual parts in the process. With this value, a better 
understanding of the entire process can be gained.

Control limits are also revised if patterns exist, pro-
vided that the patterns have been identified and eliminated. 
Once the causes have been determined, investigated, and 
corrected in such a way that they will not affect the process 
in the future, the control chart can be revised. The new 
limits will reflect the changes and improvements made to 
the process. In both cases the new limits are used to judge 
the process behavior in the future.

The following four steps are taken to revise the charts.

A. Interpret the Original Charts The R chart reflects 
the stability of the process and should be analyzed first. 
A lack of control on the R chart shows that the process 
is not producing parts that are very similar to each other. 
The process is not precise. If the R chart exhibits process 

During the winter, a particular grinding operation at JRPS 
experiences an unusual amount of machine downtime. Because of 
increasing material thickness, the operator has to make too many 
fine adjustments to the machine settings during daily operation. 
As can be seen in Figure 6.20, the parts increase in thickness as 
the morning progresses and then level out in the midafternoon. 
Investigation into the daily production and talks with the supplier 
of the steel do not reveal a cause for this trend. The charts from the 
supplier’s production reflect that the material thickness of the raw 
shafts conforms to specifications.

A closer inspection of several days’ worth of production laid 
side-by-side reveals the existence of a cycle. Further investiga-
tion shows that this cycle is related to the temperature of the raw 
material during the day. Under the current method, the raw shafts 
are left on the loading dock until needed. Because of the winter 
weather, the raw material is quite cold when brought into the build-
ing for use each morning. As the shaft warms up in the heated 
plant during the day, it expands, making it thicker. This increase in 
thickness is evident on the control chart. The cycle was not appar-
ent until the charts from day-to-day production were compared. 

Recurring Cycles at JRPS real toolS for real lIFeq➛

q➛

FIGURE 6.22  Two Populations

0.7511

0.7506

0.7502

0.7498

0.7493

0.7489

0.004

0.003

0.002

0.001

0.000

UCLx

LCLx

UCLr

X
 
B
A
R
 
C
H
A
R
T

R
 
C
H
A
R
T

DEPT. Two populations PART NAME Fries
Grand Mean = 0.7500   LCLxbar  = 0.7489 UCLxbar = 0.7511
Mean Range = 0.0019   UCLrange = 0.0040

CL

CL

M06_SUMM3273_06_SE_C06.indd   189 10/28/16   9:18 PM



190 CHAPTER SIX

control, study the X chart. Determine if cycles, trends, 
runs, two populations, mistakes, or other examples of lack 
of control exist. If both the X and R charts are exhibiting 
good control, proceed to step D. If the charts display out-
of-control conditions, then continue to step B.

Example 6.9 JRPS Assembly: Examining the 
Control Charts
Returning to the assembly example, an examination of 
the X and R charts begins by investigating the R chart, 
which displays the variation present in the process. Evi-
dence of excessive variation would indicate that the pro-
cess is not producing consistent product. The R chart 
(Figure 6.23) exhibits good control. The points are evenly 
spaced on both sides of the centerline and there are no 
points beyond the control limits. There are no unusual 
patterns or trends in the data. Given these observations, it 
can be said that the process is producing parts of similar 
dimensions.

Next the X chart is examined. An inspection of the X 
chart reveals an unusual pattern occurring at points 12, 
13, and 14. These measurements are all below the lower 
control limit. When compared with other samples through-
out the day’s production, the parts produced during the 
time when samples 12, 13, and 14 were taken were much 
shorter than parts produced during other times in the pro-
duction run. A glance at the R chart reveals that the range 
of the individual measurements taken in the samples is 
small, meaning that the parts produced during samples 
12, 13, and 14 are all similar in size. An investigation into 
the cause of the production of undersized parts needs to 
take place. q➛ 

B. Isolate the Cause If either the X or R chart is not 
exhibiting good statistical control, find the cause of the 
problem. Problems shown on the control chart may be 
removed only if the causes of those problems have been 
isolated and steps have been taken to eliminate them.

C. Take Corrective Action Take the necessary steps 
to correct the causes associated with the problems exhib-
ited on the chart. Once the causes of variation have been 
removed from the process, these points may be removed 
from the control chart and the calculations revised.

Example 6.10 JRPS Assembly: A Further 
Examination of the Control Charts
An investigation into the differences in shaft lengths has 
been conducted. The X and R charts aid the investigators 
by allowing them to isolate when the differences were first 
noticed. Since the R chart (Figure 6.24) exhibits good 
control, the investigators are able to concentrate their 
attention on possible causes for a consistent change in 
shaft length for those three subgroups. Their investigation 
reveals that the machine settings had been bumped during 
the loading of the machine. For the time being, opera-
tors are being asked to check the control panel settings 
after loading the machine. To take care of the problem for 
the long term, manufacturing engineers are looking into 
possible design changes to protect the controls against 
accidental manipulation. q➛ 

D. Revise the Chart To determine the new limits against 
which the process will be judged in the future, it is neces-
sary to remove any undesirable points, the causes of which 

FIGURE 6.23  Mistakes
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have been determined and corrected, from the charts. The 
criteria for removing points are based on finding the cause 
behind the out-of-control condition. If no cause can be 
found and corrected, then the points cannot be removed 
from the chart. Groups of points, runs, trends, and other 
patterns can be removed in the same manner as removing 
individual points. In the case of charts that are exhibiting 
good statistical control, the points removed will equal zero 
and the calculations will continue from there.

Two methods can be used to discard the data. When it 
is necessary to remove a subgroup from the calculations, it 
can be removed from only the out-of-control chart or it can 
be removed from both charts. In the first case, when an X 
value must be removed from the X control chart, its cor-
responding R value is not removed from the R chart, and 
vice versa. In this text, the points are removed from both 
charts. This second approach has been chosen because the 
values on both charts are interrelated. The R-chart values 
describe the spread of the data on the X chart. Removing 
data from one chart or the other negates this relationship.

The formulas for revising both the X and R charts are 
as follows:

 Xnew =
aX - Xd

m - md

 Rnew =
aR - Rd

m - md

where

 Xd = discarded subgroup averages
 md = number of discarded subgroups
 Rd = discarded subgroup ranges

The newly calculated values of X and R are used to estab-
lish updated values for the centerline and control limits on 
the chart. These new limits reflect that improvements have 
been made to the process and future production should be 
capable of meeting these new limits. The formulas for the 
revised limits are:

 Xnew = X0  Rnew = R0

 s0 = R0/d2

 UCLX = X0 + As0

 LCLX = X0 - As0

 UCLR = D2s0

 LCLR = D1s0

where d2, A, D1, and D2 are factors from the table in 
Appendix 2.

Example 6.11 JRPS Assembly: Revising the 
Control Limits
Since a cause for the undersized parts has been deter-
mined for the machine in Example 6.9 the values for 12, 
13, and 14 can be removed from the calculations for the X 
and R chart. The points removed from calculations remain 
on the chart; they are crossed out. The new or revised lim-
its will be used to monitor future production. The new lim-
its will extend from the old limits, as shown in Figure 6.25.

Revising the calculations is performed as follows:

 Xnew = X0 =
am
i = 1

X - Xd

m - md

 =
251.77 - 11.94 - 11.95 - 11.95

21 - 3
 = 12.00

FIGURE 6.24  X and R Control Charts for Shaft Length
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 Rnew = R0 =
am
i = 1

R - Rd

m - md

 =
1.06 - 0.04 - 0.05 - 0.06

21 - 3
 = 0.05

Calculating the s0 for the process, when n = 5,

 s0 =
R0

d2
=

0.05
2.326

= 0.02

 UCLX = 12.00 + 1.342(0.02) = 12.03
 LCLX = 12.00 - 1.342(0.02) = 11.97
 UCLR = 4.918(0.02) = 0.10
 LCLR = 0(0.02) = 0   q➛

10. Achieve the Purpose
Users of control charts are endeavoring to decrease the 
variation inherent in a process over time. Once established, 
control charts enable the user to understand where the pro-
cess is currently centered and what the distribution of that 
process is. To know this information and not utilize it to 
improve the process defeats the purpose of creating con-
trol charts. As shown in the preceding Real Tools for Real 
Life feature “Common Cause Variation in a Process” with 
Figures 6.14 and 6.15, as improvements are made to the 
process, the process becomes more centered, with a signifi-
cant decrease in the amount of time needed to process the 
insurance forms. An investigation of the R chart reveals that 
the variation associated with the process also has decreased.

As the process improves, the average should come 
closer to the center of the specifications. The spread of 
the data, as shown by the range or the standard deviation, 
should decrease. As the spread decreases, the parts pro-
duced or services provided become more similar in dimen-
sion to each other.

X and s Charts
The X and range charts are used together in order to show 
both the center of the process measurements (accuracy) 
and the spread of the data (precision). An alternative com-
bination of charts to show both the central tendency and 
the dispersion of the data is the X and standard devia-
tion, or s, chart. When an R chart is compared with an s 
chart, the R chart stands out as being easier to compute. 
However, the s chart is more accurate than the R chart. 
This greater accuracy is a result of the manner in which 
the standard deviation is calculated. The subgroup sample 
standard deviation, or s value, is calculated using all of the 
data rather than just the high and low values in the sample 
like the R chart. So while the range chart is simple to con-
struct, it is most effective when the sample size is less than 
10. When the sample size exceeds 10, the range does not 
truly represent the variation present in the process. Under 
these circumstances, the s chart is used with the X chart.

The combination of X and s charts is created by 
the same methods as the X and R charts. The formulas 
are modified to reflect the use of s instead of R for the 
calculations.

FIGURE 6.25  Extension of Limits on A Chart
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KjK, Inc. fineblanks precision metal parts for automotive, 
computer, and medical devices. Although similar to conventional 
stamping, which has two forces at work (a clamping force and a 
stamping force), the fineblanking process has an additional force 
a work: a counter force. This counter force opposes the stamping 
force, causing the part to be extruded rather than sheared. 
The triple pressure fineblanking press and tooling construction 
combine to create an accurate production process with excellent 
repeatability.

KjK fineblanks the center shaft for a surgical suture (Figure 
6.26). Used like a scissor, this tool closes small blood vessels dur-
ing a surgical procedure. With one hand, the surgeon holds the 
scissors, and with the other, pushes the plastic cylinder over the 
end of the forks. Doing so drops a small stainless steel clip into 
place between the forks. Sliding the cylinder back causes the forks 
to come together, closing the small stainless steel clip snuggly on 
the blood vessel. Releasing the grip allows the forks to return to 
their original position, ready for use again.

Smooth operation of the device depends on many factors, 
including the loading of the clip, how the forks hold the clip, and 
how the forks close the clip. Critical dimensions for appropriate 
operation of the suture include fork height, angle, and parallelism 
of the shaft. During the fineblanking process, one stroke of the 
press creates the shaft, angled forks, indentations, and holes in 
the 302 gage, 0.048–0.052 in. thick steel. The thinness, angles, 
and length of the part make it a tricky, pliable part to fineblank. 
As many as 30 percent of the parts have been scrapped during a 
run; however, the problems are intermittent. KjK has decided that a 
concentrated effort, using control charts and the Plan-Do-Study-Act 
cycle, needs to be made to improve the process.

During the planning stage, KjK assigned responsibilities, identi-
fied the variables in the process (Figure 6.27), and mapped the 
process (Figure 6.28). They also determined how many samples 
should be taken for each variable and what measuring tools should 
be used to gather the data. To clearly define the problem, control 
charts were created for each of the critical variables in the process 
(Figures 6.29 to 6.34).

It is immediately obvious when reviewing these control charts 
that only a few of the variables exhibit any variation. Bowing and 
camber in the part are negligible. Fork width, die roll, and Rockwell 
hardness are stable and within specification. Only material thick-
ness and fork height exhibit variation. This knowledge enabled 
the problem solvers to focus on just two variables: fork height and 
material thickness.

Process engineers and tooling designers met to discuss the 
question: why are both fork height and material thickness exhib-
iting variation? Their cause-and-effect diagram pointed out a 

Surgical Stapler Fork Height Study real toolS for real lIFeq➛

FIGURE 6.26  Surgical Suture
(continued)

For the X chart,

 X =
am
i = 1

Xi

m
 UCLX = X + A3s

 LCLX = X - A3s

For the s chart,

 s =
am
i = 1

si

m
 UCLs = B4s
 LCLs = B3s

where

 si = standard deviation of the subgroup values
 si = average of the subgroup sample  standard 

deviations
 A3, B3, B4 = factors used for calculating 3s control  

limits for X and s charts using the 
 average sample standard deviation.

As in the X and R chart, the revised control limits can 
be calculated using the following formulas:

 X0 = Xnew =
aX - Xd

m - md

 s0 = snew =
a s - sd

m - md

and
 s = so/c4

 UCLX = X0 + As0

 LCLX = X0 - As0

 UCLs = B6s0

 LCLs = B5s0

where

 sd = sample standard deviation of the dis-
carded subgroup

 c4 = factor for computing s0 from s
 A, B5, B6 = factors for computing the 3s process 

control limits for X and s charts
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FIGURE 6.28  Process Map for Suture 
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No Yes

relationship between these two variables (Figure 6.35). For the next 
several runs, material thickness prior to blanking and fork height 
after blanking were monitored closely, sampled every 30 minutes in 
subgroups of a sample size of five.

A close comparison of these two variables revealed the 
source of the problem. Though the steel thickness was within 
specification, it tended toward two populations (Figure 6.36). 
Fork height also exhibited a tendency toward two populations. 
Thick material will make contact with the fineblanking ram 
sooner, causing a larger fork angle and a greater fork height. 

Thin material will have less contact with the ram, causing a 
smaller fork angle and a shorter fork height (Figure 6.37). Mak-
ing parts from steel of inconsistent thickness resulted in signifi-
cant loss for KjK and their customer, reaffirming the Taguchi 
loss function and the necessity of producing product to a target 
specification.

KjK is working with the steel supplier to ensure that they pro-
vide steel at the target specification of 0.050 in. In the meantime, 
before each coil is run, the material thickness is checked and the 
ram height adjusted to ensure more consistent fork height.

(continued)
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FIGURE 6.29  Die Roll at Fork Ends
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(continued)

FIGURE 6.30   Flatness (Bowing)
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FIGURE 6.31  Rockwell Hardness (Rc)

30

29.95

30.05

30.1

29.9

29.85

29.8

R
(
c
)

1 2 3 4 5 6 7 8 9 101112131415161718192021222324252627282930

Subgroup Number

UCLX
= 30.054

LCLX
= 29.946

CL = 30

0.07

0.05

0.03

0.01

–0.01

R
a
n
g
e

1 2 3 4 5 6 7 8 9 101112131415161718192021222324252627282930

Subgroup Number

UCLR
= 0.045

CL
= 0.013

M06_SUMM3273_06_SE_C06.indd   198 10/28/16   9:18 PM



Variables Control Charts      199

FIGURE 6.32  Fork Width
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FIGURE 6.33  Material Thickness 0.049–0.051 in.
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FIGURE 6.34  Fork Height 0.126–0.133 in. at 10°
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FIGURE 6.35  Real Tools for Real Life Cause-and-Effect Diagram for Fork Height 
and Material Thickness
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FIGURE 6.36  Tendencies Toward Two Populations
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q➛

Example 6.12  X and s Charts
This example uses the same assembly data as Example 
6.5 except the range has been replaced by s, the sample 
standard deviation. A sample of size n = 5 is taken at 
intervals from the process making shafts (Figure 6.37). 
A total of 21 subgroups of measurements is taken. Each 
time a sample is taken, the individual values are recorded 
[Figure 6.38, (1)], summed, and then divided by the 
number of samples taken to get the average [Figure 6.38, 
(2)]. This average is then plotted on the control chart 
[Figure 6.39, (1)]. Note that in this example, the values 
for X and s have been calculated to three decimal places 
for clarity.

Using the 21 samples provided in Figure 6.37, we 
can calculate X by summing all the averages from the 
individual samples taken and then dividing by the number 
of subgroups:

X =
251.76

21
= 11.99

This value is plotted as the centerline of the X chart 
[ Figure 6.38, (2)]. This is the centerline of the s chart 
[Figure 6.38, (4)].

Individual standard deviations are calculated for 
each of the subgroups by utilizing the formula for calcu-
lating standard deviations, [Figure 6.37, (3)]. Once cal-
culated, these values are plotted on the s chart  [Figure 
6.38, (6)].

The value, the grand standard deviation average, is 
calculated by summing the values of the sample standard 
deviations [Figure 6.37, (3)] and dividing by the number 
of subgroups m:

s =
0.031 + 0.029 + 0.016 + g+ 0.015

21
=

0.414
21

= 0.02

The A3 factor for a sample size of five is selected from the 
table in Appendix 2. The values for the upper and lower 
control limits of the X chart are calculated as follows:

 UCLX = X + A3s

 = 11.99 + 1.427(0.02) = 12.02

 LCLX = X - A3s

 = 11.99 - 1.427(0.02) = 11.96

Once calculated, the upper and lower control limits (UCL 
and LCL, respectively) are placed on the chart [Figure 
6.38, (3)].

With n = 5, the values of B3 and B4 are found in the 
table in Appendix 2. The control limits for the s chart are 
calculated as follows:

 UCLs = B4s

 = 2.089(0.02) = 0.04

 LCLs = B3s

 = 0(0.02) = 0

The control limits are placed on the s chart  [Figure 6.38, (5)].

The s chart (Figure 6.38) exhibits good control. The 
points are evenly spaced on both sides of the centerline 
and there are no points beyond the control limits. There 
are no unusual patterns or trends in the data. Given these 
observations, it can be said hat the process is producing 
parts of similar dimensions.

Next the X chart is examined. Once again, an inspec-
tion of the X chart reveals the unusual pattern occurring at 
points 12, 13, and 14. These measurements are all below 
the lower control limit. When compared with other samples 
throughout the day’s production, the parts produced dur-
ing the time that samples 12, 13, and 14 were taken were 
much smaller than parts produced during other times in 

FIGURE 6.37  Relationship Between Ram 
 Setting and Material Thickness

THIN THICK

Normal setting
for ram to make
contact with 
material

Thick material will make contact with the ram sooner, causing a
larger fork angle and a greater fork height.

Thin material will have less contact with the ram, causing a smaller
fork angle and a shorter fork height.
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1

2
3

FIGURE 6.38  Shafts, Averages, and Standard Deviations

DEPT. Roller PART NAME Shaft
PART NO. 1 MACHINE 1
GROUP 1 VARIABLE length

Subgroup 1 2 3 4 5

Time 07:30 07:40 07:50 08:00 08:10
Date 07/02/95 07/02/95 07/02/95 07/02/95 07/02/95
1 11.95 12.03 12.01 11.97 12.00
2 12.00 12.02 12.00 11.98 12.01
3 12.03 11.96 11.97 12.00 12.02
4 11.98 12.00 11.98 12.03 12.03
5 12.01 11.98 12.00 11.99 12.02

X 11.99 12.00 11.99 11.99 12.02

s 0.031 0.029 0.016 0.023 0.011

Subgroup 6 7 8 9 10
Time 08:20 08:30 08:40 08:50 09:00
Date 07/02/95 07/02/95 07/02/95 07/02/95 07/02/95
1 11.98 12.00 12.00 12.00 12.02
2 11.98 12.01 12.01 12.02 12.00
3 12.00 12.03 12.04 11.96 11.97
4 12.01 12.00 12.00 12.00 12.05
5 11.99 11.98 12.02 11.98 12.00

X 11.99 12.00 12.01 11.99 12.01

s 0.013 0.018 0.017 0.023 0.030

Subgroup 11 12 13 14 15
Time 09:10 09:20 09:30 09:40 09:50
Date 07/02/95 07/02/95 07/02/95 07/02/95 07/02/95
1 11.98 11.92 11.93 11.99 12.00
2 11.97 11.95 11.95 11.93 11.98
3 11.96 11.92 11.98 11.94 11.99
4 11.95 11.94 11.94 11.95 11.95
5 12.00 11.96 11.96 11.96 11.93

X 11.97 11.94 11.95 11.95 11.97

s 0.019 0.018 0.019 0.023 0.029

Subgroup 16 17 18 19 20
Time 10:00 10:10 10:20 10:30 10:40
Date 07/02/95 07/02/95 07/02/95 07/02/95 07/02/95
1 12.00 12.02 12.00 11.97 11.99
2 11.98 11.98 12.01 12.03 12.01
3 11.99 11.97 12.02 12.00 12.02
4 11.96 11.98 12.01 12.01 12.00
5 11.97 11.99 11.99 11.99 12.01

X 11.98 11.999 12.01 12.00 12.01

s 0.016 0.019 0.011 0.022 0.011

Subgroup 21
Time 10:50
Date 07/02/95
1 12.00
2 11.98
3 11.99
4 11.99
5 12.02

X 12.00

s 0.015

1

2

12.00 + 11.98 + 11.99 + 11.96 + 11.97
5

= 11.98
3

(12 - 11.98)2 + (11.98 – 11.98)2 + (11.99 – 11.98)2

+ (11.96 - 11.98)2 + (11.97 – 11.98)2

5 – 1
= 0.016
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the production run. As before, this signals that an investi-
gation into the cause of the production of undersized parts 
needs to take place.

Since a cause for the undersized parts was determined 
in the previous example, these values can be removed from 
the calculations for the X chart and s chart. The revised 
limits will be used to monitor future production. The new 
limits will extend from the old limits.

Revising the calculations is performed as follows:

 Xnew = X0 =
aX - Xd

m - md

 =
251.76 - 11.94 - 11.95 - 11.95

21 - 3

 = 12.00

 snew = s0 =
a s - sd

m - md

 =
0.414 - 0.0179 - 0.0192 - 0.0230

21 - 3

 = 0.02

Calculating s0,

 s0 =
s0

c4
=

0.02
0.9400

= 0.02

 UCLX = 12.00 + 1.342(0.02) = 12.03

 LCLX = 12.00 - 1.342(0.02) = 11.97

 UCLs = 1.964(0.02) = 0.04

 LCLs = 0(0.02) = 0  q➛

SUMMarY 

Control charts are easy to construct and use in studying 
a process, whether that process is in a manufacturing 
or service environment. Many automated data collec-
tion and control chart creation software programs exist. 
Regardless of whether they are created by hand or by 
computer, control charts indicate areas for improve-
ment. Once the root cause has been identified, changes 
can be proposed and tested, and improvements can be 
monitored through the use of control charts. Consider 
the situation described in the Real Tools for Real Life 
feature, “Common Cause Variation in a Process.” The 
doctors and office manager were encouraging the people 
working in billing and insurance to work harder. When 
control charts revealed that this was the best the process 
was going to perform, major changes were made to the 
process. Changes that would not have otherwise been 
made resulted in increased productivity. Faster comple-
tion times and reduced errors mean a decrease in cost 
and an improvement in worker satisfaction and worker–
management relations. The cost of refiling the claims 

was significantly reduced and payments are reaching the 
office faster.

Through the use of control charts, similar gains 
can be realized in the manufacturing sector. Users of 
control charts report savings in scrap, including mate-
rial and labor; lower rework costs; reduced inspection; 
higher product quality; more consistent part characteris-
tics; greater operator confidence; lower troubleshooting 
costs; reduced completion times; faster deliveries; and 
others. Many different types of control charts exist. Use 
 Figure 6.40 to decide which control chart is appropriate 
in a given situation.

 leSSonS learneD 

1. Control charts enhance the analysis of a process by 
showing how that process performs over time. Control 
charts allow for early detection of process changes.

2. Control charts serve two basic functions: They provide 
an economic basis for making a decision as to whether 
to investigate for potential problems, adjust the pro-
cess, or leave the process alone; and they assist in the 
identification of problems in the process.

3. Variation, differences between items, exists in all pro-
cesses. Variation can be within-piece, piece-to-piece, 
and time-to-time.

4. The X chart is used to monitor the variation in the 
average values of the measurements of groups of sam-
ples. Averages rather than individual observations are 
used on control charts because average values will 
indicate a change in the amount of variation much 
faster than individual values will.

5. The X chart, showing the central tendency of the data, 
is always used in conjunction with either a range or a 
standard deviation chart.

6. The R and s charts show the spread or dispersion of 
the data.

7. The centerline of a control chart shows where the pro-
cess is centered. The upper and lower control limits 
describe the spread of the process.

8. A homogeneous subgroup is essential to the proper 
study of a process. Certain guidelines can be applied 
in choosing a rational subgroup.

9. Common, or chance, causes are small random changes 
in the process that cannot be avoided. Assignable 
causes are large variations in the process that can be 
identified as having a specific cause.

10. A process is considered to be in a state of control, or 
under control, when the performance of the process 
falls within the statistically calculated control limits 
and exhibits only common, or chance, causes. Certain 
guidelines can be applied for determining by control 
chart when a process is under control.

q➛
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14. The steps for revising a control chart are (a) exam-
ine the chart for out-of-control conditions; (b) isolate 
the causes of the out-of-control condition; (c) elimi-
nate the cause of the out-of-control condition; and 
(d) revise the chart, using the formulas presented in 
this chapter. Revisions to the control chart can take 
place only when the assignable causes have been deter-
mined and eliminated.

11. Study the X-bar chart to determine process centering.
12. Study the Range chart, including the magnitude of the 

y axis values, to determine the amount of variation 
present in the process.’

13. Patterns on a control chart indicate a lack of statisti-
cal control. Patterns may take the form of changes or 
jumps in level, runs, trends, or cycles or may reflect the 
existence of two populations or mistakes.

FIGURE 6.40  Control Chart Selection Flowchart
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ForMUlaS 

AVERAGE AND RANGE CHARTS

X chart:

 X =
am
i = 1

Xi

m
 UCLX = X + A2R

 LCLX = X - A2R

R chart:

 R =
am
i = 1

Ri

m
 UCLR = D4R

 LCLR = D3R

Revising the charts:

 X = Xnew =
am
i = 1

X - Xd

m - md

 UCLX = X0 + As0

 LCLX = X0 - As0

 s0 = R0/d2

 Rnew =
am
i = 1

R - Rd

m - md

 UCLR = D2s0

 LCLR = D1s0

AVERAGE AND STANDARD DEVIATION 
CHARTS

X chart:

 X =
am
i = 1

Xi

m
 UCLX = X + A3s

 LCLX = X - A3s

s chart:

 s =
am
i = 1

si

m
 UCLs = B4s

 LCLs = B3s

Revising the charts:

 X0 = Xnew =
am
i = 1

X - Xd

m - md

 s0 = snew =
am
i = 1

s - sd

m - md

and

 s0 = s0/c4

 UCLX = X0 + As0

 LCLX = X0 - As0

 UCLs = B6s0

 LCLs = B5s0

ChaPter ProbleMS 

1. Describe the difference between chance and assignable 
causes.

2. How would you use variation to manage a group of 
people? Why should a manager be aware of assignable 
and chance causes?

3. Select one of the tools taught in this chapter and 
describe why applying it to problems in your future 
will enhance your ability to solve those problems.

X AND R CHARTS

4. A large bank establishes X and R charts for the time 
required to process applications for its charge cards. A 
sample of five applications is taken each day. The first 
four weeks (20 days) of data give

X = 16 min  s = 3min  R = 7 min

Based on the values given, calculate the centerline and 
control limits for the X and R charts.

5. Steering wheels in many vehicles are outfitted with an 
airbag and horn as well as switches for controlling 
radio volume, cruise control, and other devices. Con-
necting these devices and switches to a steering wheel 
requires excellent positioning control during assembly. 
For this reason, hole location is closely monitored in 
the X, Y, and Z directions. The data below are X and 
R values for 25 samples of size n = 4 for hole location 
data for the X-axis dimension.

Subgroup Number X Range

1 50.3 0.73

2 49.6 0.75

3 50.8 0.79

4 50.9 0.74

5 49.8 0.72

6 50.5 0.73

7 50.2 0.71
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Subgroup Number X Range

8 49.9 0.70

9 50.0 0.65

10 50.1 0.67

11 50.2 0.65

12 50.5 0.67

13 50.4 0.68

14 50.8 0.70

15 50.0 0.65

16 49.9 0.66

17 50.4 0.67

18 50.5 0.68

19 50.7 0.70

20 50.2 0.65

21 49.9 0.60

22 50.1 0.64

23 49.5 0.60

24 50.0 0.62

25 50.3 0.60

Set up an X and R chart on this process. Interpret the 
chart. Does the process seem to be in control? If nec-
essary, assume assignable causes and revise the trial 
control limits. If the hole location is to be centered at 
50.0, how does this process compare?

6. The data below are X and R values for 12 samples 
of size n = 5. They were taken from a process pro-
ducing bearings. The measurements are made on the 
inside diameter of the bearing. The data have been 
coded from 0.50; in other words, a measurement of 
0.50345 has been recorded as 345. Range values are 
coded from 0.000; that is, 0.00013 is recorded as 13.

Subgroup Number X Range

1 345 13

2 347 14

3 350 12

4 346 11

5 350 15

6 345 16

7 349 14

8 348 13

9 348 12

10 354 15

11 352 13

12 355 16

Set up the X and R charts on this process. Does the 
process seem to be in control? Why or why not? If 
necessary, assume assignable causes and revise the trial 
control limits.

7. When studying a process control chart tracking one 
variable, what is meant by the statement, “The process 
is in a state of statistical control”?

8. Describe how both an X and R or s chart would look 
if they were under normal statistical control.

9. X charts describe the accuracy of a process, and R and 
s charts describe the precision. How would accuracy 
be recognized on an X chart? How would precision be 
recognized on either an R or s chart?

10. Why is the use and interpretation of an R or s chart so 
critical when examining an X chart?

11. Create an X and R chart for the clutch plate informa-
tion in Table 6.1. You will need to calculate the range 
values for each subgroup. Calculate the control limits 
and centerline for each chart. Graph the data with the 
calculated values. Beginning with the R chart, how 
does the process look?

12. RM Manufacturing makes thermometers for use in 
the medical field. These thermometers, which read in 
degrees Celsius, are able to measure temperatures to 
a level of precision of two decimal places. Each hour, 
RM Manufacturing tests eight randomly selected 
thermometers in a solution that is known to be at a 
temperature of 3°C. Use the following data to create 
and interpret an X and R chart. Based on the desired 
thermometer reading of 3°, interpret the results of your 
plotted averages and ranges.

Subgroup Average Temperature Range

1 3.06 0.10

2 3.03 0.09

3 3.10 0.12

4 3.05 0.07

5 2.98 0.08

6 3.00 0.10

7 3.01 0.15

8 3.04 0.09

9 3.00 0.09

10 3.03 0.14

11 2.96 0.07

12 2.99 0.11

13 3.01 0.09

14 2.98 0.13

15 3.02 0.08
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Month Average Number Leaving Range

January 29 3
February 29 2
March 30 3
April 32 2
May 33 0
June 34 4
July 40 2
August 39 1
September 38 3
October 32 2
November 34 1
December 31 2
January 31 1
February 32 3
March 42 1
April 41 2
May 49 3
June 50 2

13. Interpret the X and R charts in Figure P6.1.
14. Interpret the X and R charts in Figure P6.2.
15. The variables control chart seen in Figure P6.3 is 

monitoring the main score residual for a peanut 
canister pull top. The data are coded from 0.00 
(in other words, a value of 26 in the chart is actu-
ally 0.0026). Finish the calculations for the sum, 
averages, and range. Create an X and R chart, cal-
culate the limits, plot the points, and interpret the 
chart.

16. Working at a call center isn’t an easy job. As custom-
ers contact the center, the employee must access a 
variety of computer screens in order to answer cus-
tomer questions. Many employees don’t stay with the 
job very long. One call center uses X and R charts to 
track voluntary quits over time. The averages compiled 
below are from three call centers. Use the data below 
to create an X and R chart. Describe how the process 
is performing.

FIGURE P6.1  Problem 12
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Average Fill Time Range
74.9 2.0
75.3 2.1
75.1 1.7
75.2 1.8
74.8 2.0
75.0 1.9
75.1 1.5
75.2 1.6
74.9 1.7
75.2 1.8
74.8 1.5
75.1 1.6
74.9 1.8
74.9 1.5
74.8 1.7
74.8 1.8
75.0 1.5
75.1 2.0
75.2 1.9
74.9 1.8

17. At a Florida orange juice producer, they have been 
studying the time it takes to prepare an independent-
hauler truck for shipment. This process begins when 
the production department notifies the traffic depart-
ment to arrange for an independent hauler for a juice 
shipment. When the truck arrives at the plant, the 
truck’s information is entered into the company’s com-
puterized tracking system. This paperwork includes 
information on previous loads and tank wash records. 
Since contaminants must not be allowed in juice con-
sumed by humans, having a clean tank is of paramount 
importance. It takes 45 minutes to clean a tanker; 30 
minutes round-trip travel time to the wash area and 
15 minutes of actual wash. There may also be a line of 
trucks waiting to be washed. Once back at the plant 
with a clean truck, the paperwork for the truck is com-
pleted, requiring an additional 5 minutes. After that, 
the truck is directed to the bulk storage area. Here 
the target time is 75 minutes + /-5 minutes, to fill the 
tank. Use the following information to create an X and 
R chart. Interpret the chart.

FIGURE P6.2  Problem 13

Thickness
X-bar UCL = 0.2527, Mean = 0.2500,

LCL = 0.2473 (n = 4)  

0.252

0.251

0.250

0.249

0.248

Range UCL = 0.0084, Mean = 0.0037,
LCL = 0 (n = 4)       

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

0.008

0.007

0.006

0.005

0.004

0.003

0.002

UCLR

R

LCLx

X

UCLxUCL

Mean

Mean

UCL

LCL

18. When manufacturing semiconductors, photolithogra-
phy is an important step. During this process, a light 
sensitive photoresist material is applied to the silicon 

wafer. Next, the circuit pattern is exposed on the resist 
using a high-intensity UV light. Once the resist pattern 
is in place, the underlying material is removed in the 
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developing process, by either wet chemical or plasma 
etching. Following this, a hard-bake process is per-
formed to increase resist adherence and etch resistance. 
An important timing issue in this process is the amount 
of time the circuit pattern on the resist is exposed to 
the high-intensity UV light. An important characteris-
tic in this hard bake process is the flow width of the 
resist. In other words, the amount of resist expansion 
during baking is measured. For this process, the target 
dimension is 1.50 microns + /-  0.15. For the follow-
ing flow width data, create and interpret the charts by 
calculating the centerlines and control limits for both 
an X and R chart (n = 4).

X R

1.60 0.05

1.45 0.10

1.65 0.08

1.55 0.07

1.58 0.04

1.46 0.09

1.52 0.08

1.44 0.06

1.57 0.06

1.60 0.05

1.48 0.07

1.36 0.04

1.55 0.06

1.53 0.08

1.60 0.09

1.56 0.08

1.48 0.10

1.50 0.05

1.41 0.07

1.59 0.04

X AND s CHARTS

19. At Bob’s Bakery, the quality engineer would like to 
use an X-bar and R chart to track the weights of bags 
of flour. The flour bags have a target weight of 50 
pounds with an USL of 51 and a LSL of 49. Create 
an X-bar and R chart with the following information.

1 50 51 50

2 50 49 50

3 50 50 50

4 49 49 50

5 50 50 51

6 50 50 50

7 50 50 50

8 50 51 50

9 50 50 50

10 50 50 50

20. At a Florida orange juice producer, they have been 
studying the time it takes to prepare an independent-
hauler truck for shipment. This process begins when 
the production department notifies the traffic depart-
ment to arrange for an independent hauler for a juice 
shipment. When the truck arrives at the plant, the 
truck’s information is entered into the company’s com-
puterized tracking system. This paperwork includes 
information on previous loads and tank wash records. 
This step is expected to take 25 minutes on average. 
Create and interpret the following X and s chart. The 
sample size is 5.

Time s

1 27.0 2.0

2 27.0 2.7

3 26.5 3.0

4 28.0 2.7

5 25.5 2.0

6 27.5 3.0

7 25.0 1.5

8 25.5 1.6

9 28.0 0.5

10 26.0 2.5

11 26.0 4.7

12 26.5 1.3

13 25.5 2.5

14 25.0 6.0

15 26.5 5.5

16 25.0 4.4

17 28.5 2.0

18 28.0 0.5

19 26.5 2.5

20 24.5 1.0

21. Create an X and s chart for the clutch plate informa-
tion in Table 6.1. You will need to calculate the stand-
ard deviation values for each subgroup. Calculate the 
control limits and centerline for each chart. Graph the 
data. Beginning with the s chart, how does the process 
look?

22. Create an X and s chart for the information given in 
Problem 14.
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FIGURE P6.4  Data for Problem 21

DEPT.
PART NO.
GROUP

Machine
92-01
Quality Control

PART NAME
MACHINE
VARIABLE

Whisk Wheel
Cutoff

Subgroup 1 2 3 4 5
Time 07:00:00 07:18:00 07:36:00 07:54:00 08:12:00
Date 02/20/96 02/20/96 02/20/96 02/20/96 02/20/96
1 3.51 3.49 3.51 3.51 3.50
2 3.51 3.51 3.51 3.52 3.51
3 3.50 3.50 3.51 3.50 3.51
4 3.51 3.51 3.51 3.51 3.50
5 3.50 3.50 3.50 3.50 3.51
6 3.50 3.50 3.50 3.50 3.50

Subgroup 6 7 8 9 10
Time 08:30:00 08:48:00 09:06:00 09:24:00 09:42:00
Date 02/20/96 02/20/96 02/20/96 02/20/96 02/20/96

1 3.51 3.50 3.50 3.50 3.51
2 3.51 3.51 3.51 3.50 3.51
3 3.50 3.50 3.50 3.51 3.51
4 3.50 3.49 3.50 3.52 3.51
5 3.50 3.50 3.51 3.51 3.50
6 3.50 3.50 3.50 3.51 3.50

Subgroup 11 12 13 14 15
Time 10:00:00 10:18:00 10:36:00 10:54:00 11:12:00
Date 02/20/96 02/20/96 02/20/96 02/20/96 02/20/96

1 3.51 3.50 3.50 3.51 3.50
2 3.51 3.51 3.51 3.50 3.51
3 3.50 3.51 3.51 3.50 3.50
4 3.50 3.51 3.52 3.50 3.51
5 3.50 3.51 3.50 3.50 3.51
6 3.50 3.51 3.52 3.50 3.51

Subgroup 16 17 18 19 20
Time 11:30:00 11:48:00 01:10:00 01:28:00 01:46:00
Date 02/20/96 02/20/96 02/20/96 02/20/96 02/20/96

1 3.50 3.51 3.51 3.50 3.52
2 3.51 3.50 3.52 3.50 3.51
3 3.51 3.50 3.52 3.50 3.50
4 3.52 3.52 3.51 3.50 3.50
5 3.51 3.50 3.50 3.51 3.50
6 3.51 3.50 3.51 3.51 3.50

Subgroup 21 22 23 24
Time 02:04:00 02:22:00 02:40:00 02:58:00
Date 02/20/96 02/20/96 02/20/96 02/20/96

1 3.51 3.51 3.52 3.51
2 3.50 3.50 3.50 3.51
3 3.50 3.50 3.51 3.50
4 3.50 3.49 3.51 3.50
5 3.50 3.51 3.50 3.50
6 3.50 3.51 3.50 3.50
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INITIAL PARTICULATES READINGS

DATE 4/15 4/16 4/17

TIME 8:00 AM 4:00 PM 12:00 AM 8:00 AM 4:00 PM 12:00 AM 8:00 AM 4:00 PM 12:00 AM

NORTH PIT 300 350 480 365 400 470 410 375 500

SOUTH PIT 440 470 495 405 505 560 445 440 575

EAST PIT 275 300 360 300 300 325 260 295 355

WEST PIT 350 360 400 360 360 390 325 360 405

DATE 4/18 4/19 4/20

TIME 8:00 AM 4:00 PM 12:00 AM 8:00 AM 4:00 PM 12:00 AM 8:00 AM 4:00 PM 12:00 AM

NORTH PIT 320 350 475 335 410 490 420 385 485

SOUTH PIT 485 505 545 415 520 575 430 440 520

EAST PIT 330 320 370 270 320 345 280 315 375

WEST PIT 225 370 410 350 370 400 335 370 415

DATE 4/21 4/22 4/23

TIME 8:00 AM 4:00 PM 12:00 AM 8:00 AM 4:00 PM 12:00 AM 8:00 AM 4:00 PM 12:00 AM

NORTH PIT 290 330 450 310 390 390 325 400 495

SOUTH PIT 430 520 510 435 440 560 485 540 450

EAST PIT 285 315 350 295 305 330 250 265 360

WEST PIT 350 360 400 360 360 390 340 325 400

23. Precision Machines manufactures medical devices. One 
of their products, a stent, can be inserted in a blood 
vessel to repair it and maintain blood flow. The speci-
fications for this tubing is a very precise 3.50 { 0.01. 
Create and interpret an X and s chart with the data in 
Figure P6.4.

24. The environmental safety engineer at a local firm is 
keeping track of the air particulate readings for four 

separate areas within the plant. Create an X and s 
chart for the average amount of particulates found at 
the time of each sample (read down the columns in 
the chart at the top of p. 196 for each particular time, 
n = 4). Interpret the chart. What is the drawback of 
constructing the chart based on the times the samples 
were taken versus the location in the plant that the 
samples were taken?

25. Using the information in Problem 22, create an X and 
s chart based on the daily average for each location in 
the plant (read across the columns for each pit, n = 3). 
Interpret the chart. What is the drawback of construct-
ing the chart based on the location from which the 
samples were taken versus constructing a chart based 
on the times at which the samples were taken?

26. The process performance team studying steering wheel 
assembly wants to use an X and s chart for the Z-axis 
dimension. Using a sample size of 3, create an X and s 
chart for the following data.

Z Dimension

60.079 60.077

60.080 60.082

60.075 60.080

Z Dimension

60.087 60.077

60.085 60.079

60.091 60.090

60.081 60.077

60.091 60.081

60.088 60.089

60.085 60.079

60.071 60.076

60.080 60.075

60.077 60.092

60.078 60.089

60.084 60.089
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CaSe StUDY 6.1 

Quality Control for Variables

PART 1
This case study provides some details about the activities 
of the Whisk Wheel Company, which is currently in the 
process of applying statistical quality control and problem-
solving techniques to their wheel hub operation. Whisk 
Wheel supplies hubs and wheels to a variety of bicycle 
manufacturers. The wheel hubs under discussion in this 
case fit on an all-terrain model bicycle.

BACkGROuND
The Whisk Wheel Company has just been notified by 
its largest customer, Rosewood Bicycle Inc., that Whisk 
Wheel will need to dramatically improve the quality level 
associated with the hub operation. Currently the opera-
tion is unable to meet the specification limits set by the 
customer. Rosewood has been sorting the parts on the 
production line before assembly, but they want to end this 
procedure. Beginning immediately, Whisk Wheel will be 
required to provide detailed statistical information about 
each lot of products they produce. (A lot is considered one 
day’s worth of production.) At the end of each day, the 
lot produced is shipped to Rosewood just-in-time for their 
production run.

THE PRODuCT
Figure C6.1.1 diagrams the product in question, a wheel 
hub. The hub shaft is made of chrome-moly steel and is 
0.750 inch in diameter and 3.750 inches long. The dimen-
sion in question is the length. The specification for the 
length is 3.750 { 0.005 inches.

THE PROCESS
Twelve-foot-long chrome-moly steel shafts are purchased 
from a supplier. The shafts are straightened and then cut to 
the 3.750-inch length. Several different machines perform 
the cutting operation. The data presented here are for the 
production off one machine only.

q➛
MANAGEMENT STRATEGy
On the basis of new customer requirements, until greater 
control can be placed on the process, management has 
decided to intensify product inspection. This will allow 
the staff engineers to complete their study of the problem 
and recommend an action plan. Each piece produced will 
be inserted in a go/no-go gauge to determine if it meets 
specifications. This will work fairly well by preventing 
improperly sized shafts from going to the customer. Several 
managers want to make this a permanent arrangement, but 
some of the more forward-thinking managers feel that this 
will not get at the root cause of the problem. There is also 
the concern that 100 percent inspection is costly and not 
effective in the long term.

In the meantime, the staff engineers (including you) are 
continuing to study the problem more carefully. The fol-
lowing information is from today’s production run. From 
the finished parts, an operator samples six hubs 24 times 
during the day.

aSSIGnMent

On the computer, create a histogram from today’s data 
(Figure C6.1.2). Write a summary of the results. Use the 
value of estimated sigma and the Z tables to calculate the 
percentage of parts produced above and below the speci-
fication limits.

PART 2
Although process capability calculations have not been 
made, on the basis of the histogram, the process does not 
appear to be capable. It is apparent from the histogram 
that a large proportion of the process does not meet the 
individual length specification. The data appear to be a 
reasonable approximation of a normal distribution.

During a rare quiet moment in your day, you telephone 
a good friend from your quality control class to reflect on 
the events so far. You also remember some of the com-
ments made by your SQC professor about appropriate 
sampling and measuring techniques. After listening to your 
story, your friend brings up several key concerns.

1. Product Control Basically, management has devised 
a stopgap procedure to prevent poor quality products 
from reaching the customer. This work—screening, 
sorting, and selectively shipping parts—is a strategy 
consistent with the “detect and sort” approach to 
quality control. Management has not really attempted 
to determine the root cause of the problem.

2. The Engineering Approach While a little more on 
track, the focus of engineering on the process capa-
bility was purely from the “conformance to specifi-
cations” point of view. Appropriate process capabil-
ity calculations should be based on a process that is 

q➛

FIGURE C6.1.1  Hub Assembly
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FIGURE C6.1.2  Data for Day 1

DEPT.  
PART NO.  
GROUP

Machine  
01-92  
Quality Control

PART NAME  
MACHINE  
VARIABLE

Whisk Wheel  
Cutoff

Subgroup 1 2 3 4 5
Time 07:00:00 07:18:00 07:36:00 07:54:00 08:12:00
Date 01/30/96 01/30/96 01/30/96 01/30/96 01/30/96
1 3.757 3.753 3.744 3.755 3.757
2 3.749 3.739 3.745 3.753 3.760
3 3.751 3.747 3.740 3.753 3.751
4 3.755 3.751 3.741 3.749 3.754
5 3.749 3.751 3.742 3.739 3.750
6 3.759 3.744 3.743 3.747 3.753

Subgroup 6 7 8 9 10
Time 08:30:00 08:48:00 09:06:00 09:24:00 09:42:00
Date 01/30/96 01/30/96 01/30/96 01/30/96 01/30/96

1 3.741 3.746 3.746 3.760 3.741
2 3.749 3.743 3.753 3.755 3.745
3 3.745 3.753 3.747 3.757 3.751
4 3.742 3.751 3.755 3.757 3.741
5 3.743 3.747 3.758 3.749 3.740
6 3.742 3.751 3.756 3.741 3.741

Subgroup 11 12 13 14 15
Time 10:00:00 10:18:00 10:36:00 10:54:00 11:12:00
Date 01/30/96 01/30/96 01/30/96 01/30/96 01/30/96

1 3.749 3.746 3.743 3.755 3.745
2 3.751 3.749 3.751 3.744 3.751
3 3.757 3.744 3.745 3.753 3.747
4 3.754 3.757 3.739 3.755 3.751
5 3.755 3.737 3.750 3.754 3.744
6 3.753 3.749 3.747 3.766 3.745

Subgroup 16 17 18 19 20
Time 11:30:00 11:48:00 12:06:00 01:06:00 01:24:00
Date 01/30/96 01/30/96 01/30/96 01/30/96 01/30/96

1 3.748 3.757 3.740 3.756 3.742
2 3.746 3.747 3.739 3.757 3.753
3 3.755 3.756 3.752 3.749 3.754
4 3.755 3.759 3.744 3.755 3.743
5 3.749 3.751 3.745 3.744 3.741
6 3.749 3.756 3.757 3.741 3.748

Subgroup 21 22 23 24
Time 01:42:00 02:00:00 02:18:00 02:36:00
Date 01/30/96 01/30/96 01/30/96 01/30/96

1 3.752 3.746 3.745 3.752
2 3.751 3.753 3.762 3.755
3 3.749 3.741 3.753 3.753
4 3.753 3.746 3.750 3.749
5 3.755 3.743 3.744 3.754
6 3.750 3.744 3.750 3.756
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A DIffERENT APPROACH
After much discussion, you and your friend come up with 
a different approach to solving this problem. You gather 
together your fellow team members and plan a course of 
action. The goal of the group is to determine the source 
of variation in the process of producing wheel hubs. A 
process flowchart is created to carefully define the com-
plete sequence of processing steps: raw material handling, 
straightening, cutting, and finish polish (Figure C6.1.3). 
Creating a process flowchart has helped all members of 
the team to better understand what is happening during 
the manufacture of the hub.

 under statistical control. No information has yet been 
gathered on this particular process to determine if the 
process is under statistical control. In this situation, 
process capability was calculated without determining 
if the process was in a state of statistical control—
something you now remember your quality professor 
cautioning against.

Another consideration deals with the statistical sig-
nificance of the sample using the “best operator and the 
best machine.” Few or no details have been given about 
the sampling techniques used or the training level of the 
operator.

FIGURE C6.1.3  Process Flowchart

PROCESS FLOWCHART

Part Charted: Chart No.
Drawing No. Chart of Method
Chart Begins Charted by:
Chart Ends Date of

Whisk wheel hub
D-92-05

Raw material storage
Hub assembly bin

92-05
Present

01/27/92 1 1

Distance, ft Unit Time, min Symbols Process Description

In stock storage

Hand cart to
straightener

Straighten stock

Load to cart

Cart to cuto�

Cut stock to six
pc. 3.750

Finish ends

Load on conveyer

Conveyer to hub
assembly bin

40

7

2

1

20

0.14

0.35

0.02

0.10

0.92

0.12

0.02

1.12

02/92
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At each step along the way, your team discusses all the 
factors that could be contributing to the variation in the 
final product. To aid and guide the discussion, the group 
creates a cause-and-effect diagram, which helps keep the 
group discussions focused and allows the team to discuss all 
the possible sources of variation. There are several of these, 
including the raw materials (their properties and prepa-
ration), the methods (procedures for setup and machine 
operation at each of the three operations), the machine 
conditions (operating settings, maintenance conditions), 
and the operator (training, supervision, techniques). The 
diagram created is shown in Figure C6.1.4.

The team originally focuses on the inherent equipment 
capability as the key problem. This approach leads too 
quickly to the conclusion that new machines should be pur-
chased. This approach does not enable team members to 
learn to use the equipment, processes, and people already 
available to their fullest potential.

After studying and discussing the complete process flow, 
the team decides that they do not know enough about the 
process to suggest solutions. They assign team members 
to more fully investigate the four areas (raw materials, 
straightening, cutting, and finishing). Close contact among 
the team members will ensure that the discoveries in one 
area are quickly shared with other related areas. After all, 
in this process of making a wheel hub, no one area can 
function without the others.

You and your partner have been assigned to the cutting 
area. To discover the source of variation, the two of you 
decide to run X and R charts on the data from the preced-
ing day as well as the data from this day (an additional 24 
subgroups of sample size six).

aSSIGnMent

Add the new data (Figure C6.1.5) for today to your previ-
ous file. Create an X and R chart containing both days’ 
data and discuss what the charts look like. Use all the 
information available to create a histogram. Use the value 
for estimated sigma and the Z tables to calculate the per-
centage of parts produced above and below the specifica-
tion limits.

PART 3
To determine the root causes of variation, you and your 
partner spend the remainder of day 2 studying the cutting 
operation and the operator. You randomly select a machine 
and an operator to watch as he performs the operation and 
measures the parts. You note several actions taken by the 
operator that could be sources of variation.

Investigation reveals that the operator runs the process 
in the following manner. Every 18 minutes, he measures 
the length of six hubs with a micrometer. The length values 
for the six consecutively produced hubs are averaged, and 
the average is plotted on a piece of charting paper. Periodi-
cally, the operator reviews the evolving data and makes a 
decision as to whether the process mean (the hub length) 
needs to be adjusted. These adjustments can be accom-
plished by stopping the machine, loosening some clamps, 
and jogging the cutting device back or forth depending on 
the adjustment the operator feels is necessary. This process 
takes about 5 minutes and appears to occur fairly often.

Based on what you have learned about process con-
trol in SQC class, you know that the operator is adding 

q➛

FIGURE C6.1.4  Cause-and-Effect Diagram
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DEPT.  
PART NO.  
GROUP

Machine  
01-92  
Quality Control

PART NAME  
MACHINE  
VARIABLE

Whisk Wheel  
Cutoff

Subgroup 1 2 3 4 5
Time 07:00:00 07:18:00 07:36:00 07:54:00 08:12:00
Date 01/31/96 01/31/96 01/31/96 01/31/96 01/31/96
1 3.744 3.741 3.749 3.745 3.751
2 3.753 3.744 3.747 3.750 3.737
3 3.757 3.745 3.747 3.749 3.755
4 3.749 3.754 3.757 3.745 3.751
5 3.757 3.745 3.750 3.749 3.751
6 3.749 3.747 3.755 3.741 3.739

Subgroup 6 7 8 9 10
Time 08:30:00 08:48:00 09:06:00 09:24:00 09:42:00
Date 01/31/96 01/31/96 01/31/96 01/31/96 01/31/96

1 3.751 3.747 3.749 3.751 3.747
2 3.755 3.753 3.755 3.743 3.757
3 3.749 3.737 3.743 3.753 3.747
4 3.753 3.745 3.749 3.757 3.745
5 3.755 3.749 3.752 3.749 3.751
6 3.751 3.744 3.749 3.744 3.756

Subgroup 11 12 13 14 15
Time 10:00:00 10:18:00 10:36:00 10:54:00 11:12:00
Date 01/31/96 01/31/96 01/31/96 01/31/96 01/31/96

1 3.747 3.755 3.747 3.754 3.741
2 3.741 3.742 3.749 3.747 3.739
3 3.751 3.749 3.755 3.749 3.751
4 3.750 3.755 3.749 3.751 3.753
5 3.747 3.745 3.754 3.756 3.749
6 3.740 3.745 3.746 3.754 3.743

Subgroup 16 17 18 19 20
Time 11:30:00 11:48:00 12:06:00 01:06:00 01:24:00
Date 01/31/96 01/31/96 01/31/96 01/31/96 01/31/96

1 3.751 3.758 3.745 3.755 3.747
2 3.745 3.748 3.744 3.753 3.754
3 3.757 3.743 3.752 3.750 3.741
4 3.747 3.751 3.743 3.753 3.745
5 3.749 3.748 3.750 3.751 3.759
6 3.745 3.759 3.746 3.752 3.747

Subgroup 21 22 23 24
Time 01:42:00 02:00:00 02:18:00 02:36:00
Date 01/31/96 01/31/96 01/31/96 01/31/96

1 3.753 3.755 3.747 3.751
2 3.755 3.749 3.749 3.753
3 3.747 3.752 3.752 3.753
4 3.747 3.750 3.745 3.752
5 3.751 3.753 3.750 3.757
6 3.747 3.755 3.743 3.751

FIGURE C6.1.5  Data for Day 2
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variation to the process. He appears to be overcontrolling 
(overadjusting) the process because he cannot distinguish 
between common cause variation and special cause varia-
tion. The operator has been reacting to patterns in the data 
that may be inherent (common) to the process. The conse-
quences of this mistake are devastating to a control chart. 
Each time an adjustment is made when it is not necessary, 
variation is introduced to the process that would not be 
there otherwise. Not only is quality essentially decreased 
(made more variable) with each adjustment, but produc-
tion time is unnecessarily lost.

A glance at the histogram created the first day shows that 
overadjustment is indeed occurring, resulting in the bimodal 
distribution. Control charts can be used to help distinguish 
between the presence of common and special causes of vari-
ation. Removing this source of variation will allow the pro-
cess to operate more consistently. Removing this obstacle 
can also help uncover the root cause of the variation.

The data from day 3 have been gathered and reflect the 
suggested change. The operator has been told not to adjust 
the process at all during the day. If the process goes beyond 
the previous day’s limits and out of control, the operator 
is to contact you.

aSSIGnMent

Create an X and R chart for only the new data from day 
3 (Figure C6.1.6). Compare the new chart with the charts 
from the two previous days. Draw the previous day’s limits 
on the new chart for day 3 by hand. Using only the data 
from day 3, create a histogram. Use the value for estimated 
sigma and the Z tables to calculate the percentage of parts 
produced above and below the specification limits.

The new chart should allow you to better distinguish 
between the presence of common and special causes of 
variation. Compare all of your mathematical and graphical 
results. What conclusions can you and your partner draw?

PART 4
With one source of variation identified and removed, qual-
ity and productivity on the line have improved. The process 
has been stabilized because no unnecessary adjustments 
have been made. The method of overcontrol has proven 
costly from both a quality (inconsistent product) and a 

q➛

FIGURE C6.1.6  Data for Day 3

DEPT.  
PART NO.  
GROUP

Machine  
01-92  
Quality Control

PART NAME  
MACHINE  
VARIABLE

Whisk Wheel  
Cutoff

Sample 1 2 3 4 5
Time 07:00:00 07:18:00 07:36:00 07:54:00 08:12:00
Date 02/06/96 02/06/96 02/06/96 02/06/96 02/06/96

1 3.749 3.751 3.747 3.753 3.755
2 3.752 3.742 3.749 3.750 3.754
3 3.751 3.745 3.755 3.744 3.751
4 3.746 3.739 3.753 3.745 3.753
5 3.745 3.751 3.752 3.741 3.749
6 3.749 3.751 3.740 3.748 3.752

Subgroup 6 7 8 9 10
Time 08:30:00 08:48:00 09:06:00 09:24:00 09:42:00
Date 02/06/96 02/06/96 02/06/96 02/06/96 02/06/96

1 3.752 3.746 3.749 3.750 3.745
2 3.752 3.750 3.753 3.746 3.747
3 3.750 3.749 3.752 3.750 3.745
4 3.748 3.747 3.757 3.754 3.754
5 3.751 3.753 3.747 3.753 3.748
6 3.748 3.751 3.747 3.749 3.743

Subgroup 11 12 13 14 15
Time 10:00:00 10:18:00 10:36:00 10:54:00 11:12:00
Date 02/06/96 02/06/96 02/06/96 02/06/96 02/06/96

1 3.751 3.751 3.749 3.746 3.741
2 3.751 3.753 3.753 3.751 3.748
3 3.748 3.753 3.755 3.747 3.744
4 3.748 3.747 3.749 3.749 3.749
5 3.755 3.741 3.745 3.755 3.751
6 3.750 3.741 3.759 3.747 3.744
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aSSIGnMent

Continue day 3’s control chart to record the data for day 4 
(Figure C6.1.7). How do the data look overall? Are there 
any trends or patterns? Comment on the tighter control 
limits as compared with days 1 and 2. Create a histogram 

q➛

DEPT.  
PART NO.  
GROUP

Machine  
01-92  
Quality Control

PART NAME  
MACHINE  
VARIABLE

Whisk Wheel  
Cutoff

Subgroup 16 17 18 19 20
Time 11:30:00 11:48:00 12:06:00 01:06:00 01:24:00
Date 02/06/96 02/06/96 02/06/96 02/06/96 02/06/96

1 3.749 3.745 3.743 3.744 3.743
2 3.749 3.746 3.749 3.748 3.745
3 3.745 3.753 3.745 3.754 3.749
4 3.745 3.753 3.747 3.753 3.749
5 3.749 3.751 3.755 3.755 3.749
6 3.745 3.751 3.753 3.749 3.748

Subgroup 21 22 23 24
Time 01:42:00 02:00:00 02:18:00 02:36:00
Date 02/06/96 02/06/96 02/06/96 02/06/96

1 3.748 3.747 3.752 3.747
2 3.752 3.750 3.751 3.745
3 3.752 3.748 3.753 3.751
4 3.755 3.751 3.749 3.749
5 3.750 3.755 3.751 3.753
6 3.753 3.753 3.755 3.740

FIGURE C6.1.6  (Continued)

productivity (machine downtime, higher scrap) point of 
view. The search continues for other sources of variation.

During day 3, you and your partner watched the meth-
ods the operator used to measure the hub. Neither of you 
feel that this technique is very good. Today you replace the 
old method and tool with a new measuring tool, and the 
operator is carefully trained to use the new tool.

DEPT.  
PART NO.  
GROUP

Machine  
01-92  
Quality Control

PART NAME  
MACHINE  
VARIABLE

Whisk Wheel  
Cutoff

Subgroup 1 2 3 4 5
Time 07:00:00 07:18:00 07:36:00 07:54:00 08:12:00
Date 02/10/96 02/10/96 02/10/96 02/10/96 02/10/96

1 3.748 3.753 3.751 3.747 3.749
2 3.748 3.756 3.755 3.753 3.753
3 3.751 3.750 3.750 3.744 3.749
4 3.749 3.751 3.749 3.748 3.748
5 3.752 3.749 3.751 3.750 3.745
6 3.749 3.749 3.752 3.747 3.750

Subgroup 6 7 8 9 10
Time 08:30:00 08:48:00 09:06:00 09:24:00 09:42:00
Date 02/10/96 02/10/96 02/10/96 02/10/96 02/10/96

1 3.752 3.755 3.751 3.751 3.755
2 3.749 3.749 3.750 3.750 3.750
3 3.753 3.753 3.749 3.749 3.750
4 3.749 3.752 3.749 3.751 3.751
5 3.750 3.749 3.749 3.750 3.751
6 3.751 3.753 3.751 3.752 3.752

FIGURE C6.1.7  Data for Day 4
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aSSIGnMent

Create an X and R chart for just day 5’s data (Figure 
C6.1.8). Compare the new chart with the charts from days 
3 and 4. Have the control limits changed? How? How is 
the process doing now? Compare the percentage out-of-
specification found using the Z table calculations for all the 
days. Overall, how would you view the process?

PART 6

aSSIGnMent

Revisit the charts you created in Part 5. How is the pro-
cess behaving now that the improvements have been made? 
What will you recommend to management that they tell the 
customer? How will you support your recommendation?

q➛

q➛

DEPT.  
PART NO.  
GROUP

Machine  
01-92  
Quality Control

PART NAME  
MACHINE  
VARIABLE

Whisk Wheel  
Cutoff

Subgroup 11 12 13 14 15
Time 10:00:00 10:18:00 10:36:00 10:54:00 11:12:00
Date 02/10/96 02/10/96 02/10/96 02/10/96 02/10/96

1 3.749 3.750 3.752 3.751 3.747
2 3.748 3.749 3.750 3.752 3.751
3 3.752 3.749 3.751 3.751 3.748
4 3.749 3.751 3.752 3.746 3.746
5 3.749 3.750 3.751 3.749 3.749
6 3.746 3.750 3.751 3.750 3.753

Subgroup 16 17 18 19 20
Time 11:30:00 11:48:00 01:10:00 01:28:00 01:46:00
Date 02/10/96 02/10/96 02/10/96 02/10/96 02/10/96

1 3.753 3.751 3.747 3.750 3.751
2 3.747 3.750 3.745 3.749 3.750
3 3.754 3.749 3.749 3.748 3.753
4 3.754 3.748 3.748 3.749 3.750
5 3.749 3.749 3.750 3.750 3.749
6 3.750 3.750 3.750 3.749 3.754

Subgroup 21 22 23 24
Time 02:04:00 02:22:00 02:40:00 02:58:00
Date 02/10/96 02/10/96 02/10/96 02/10/96

1 3.750 3.749 3.753 3.755
2 3.755 3.751 3.749 3.748
3 3.746 3.755 3.745 3.749
4 3.750 3.751 3.748 3.748
5 3.751 3.752 3.749 3.748
6 3.750 3.751 3.749 3.750

FIGURE C6.1.7  (Continued)

with the data from only days 3 and 4 combined. Discuss 
how the overall spread of the process looks using the Z 
table calculations. What conclusions can be drawn?

PART 5
Now that two unusual causes of variation have been 
removed from the process, you and your partner are able 
to spend the fourth day studying the resulting stable pro-
cess. You are able to determine that the design of the jig 
used by the operation is causing a buildup of chips. Each 
time a part is cut, a small amount of chips builds up in the 
back of the jig. Unless the operator clears these chips away 
before inserting the new stock into the jig, they build up. 
The presence or absence of chips is causing variation in the 
length of the hub.

To correct this, during the night-maintenance shift, a 
slot is placed in the back of the jig, allowing the chips to 
drop out of the jig. Additionally, a solvent flush system is 
added to the fixture to wash the chips clear of the jig.
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DEPT.  
PART NO.  
GROUP

Machine  
01-92  
Quality Control

PART NAME  
MACHINE  
VARIABLE

Whisk Wheel  
Cutoff

Subgroup 1 2 3 4 5
Time 07:00:00 07:18:00 07:36:00 07:54:00 08:12:00
Date 02/12/96 02/12/96 02/12/96 02/12/96 02/12/96

1 3.750 3.752 3.752 3.750 3.751
2 3.749 3.750 3.751 3.751 3.752
3 3.750 3.749 3.750 3.750 3.752
4 3.750 3.750 3.749 3.751 3.750
5 3.750 3.751 3.750 3.749 3.750
6 3.751 3.752 3.750 3.750 3.750

Subgroup 6 7 8 9 10
Time 08:30:00 08:48:00 09:06:00 09:24:00 09:42:00
Date 02/12/96 02/12/96 02/12/96 02/12/96 02/12/96

1 3.749 3.750 3.750 3.751 3.751
2 3.750 3.752 3.750 3.750 3.752
3 3.750 3.750 3.750 3.750 3.751
4 3.750 3.750 3.750 3.751 3.750
5 3.751 3.750 3.751 3.752 3.749
6 3.750 3.751 3.750 3.750 3.750

Subgroup 11 12 13 14 15
Time 10:00:00 10:18:00 10:36:00 10:54:00 11:12:00
Date 02/12/96 02/12/96 02/12/96 02/12/96 02/12/96

1 3.751 3.750 3.750 3.751 3.749
2 3.750 3.751 3.751 3.750 3.750
3 3.750 3.750 3.751 3.751 3.751
4 3.749 3.749 3.750 3.751 3.750
5 3.751 3.750 3.750 3.750 3.750
6 3.750 3.750 3.750 3.750 3.752

Subgroup 16 17 18 19 20
Time 11:30:00 11:48:00 12:06:00 12:24:00 12:42:00
Date 02/12/96 02/12/96 02/12/96 02/12/96 02/12/96

1 3.750 3.750 3.750 3.751 3.752
2 3.750 3.750 3.752 3.750 3.750
3 3.751 3.749 3.750 3.751 3.751
4 3.750 3.750 3.751 3.752 3.750
5 3.749 3.751 3.749 3.750 3.749
6 3.750 3.750 3.750 3.751 3.750

Subgroup 21 22 23 24
Time 13:00:00 13:18:00 13:36:00 13:54:00
Date 02/12/96 02/12/96 02/12/96 02/12/96

1 3.750 3.750 3.750 3.751
2 3.750 3.752 3.751 3.751
3 3.749 3.751 3.749 3.750
4 3.749 3.750 3.751 3.750
5 3.751 3.750 3.750 3.750
6 3.751 3.749 3.750 3.750

FIGURE C6.1.8  Data for Day 5
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complain of stripped bolts and snug fittings. Unsure of 
where the problem is, WP Inc.’s management assem-
bles a team consisting of representatives from process 
engineering, materials engineering, product design, and 
manufacturing.

Through the use of several cause-and-effect diagrams, 
the team determines that the most likely cause of the prob-
lems experienced by the customer is the alignment of the 
holes. At some stage in the formation process, the holes 
end up off center. To confirm their suspicions, during the 
next production run, the bending press operator takes 20 
subgroups of size 5 and measures the angle between the 
centers of the holes for each sample (Figure C6.2.3). The 
specification for the angle between insert hole A and insert 
hole B is 0.00° with a tolerance of {0.30°. The values 
recorded in Figure C6.2.3 represent the amount above (or 
when a minus sign is present, below) the nominal value 
of 0.00°.

aSSIGnMent

Follow the steps outlined in this chapter and use the data 
to create a set of X and R charts. You will need to calcu-
late the mean and range for each subgroup. Describe the 
performance of the process.

PART 2
Having X and R charts and the accompanying statistical 
information tells the team a lot about the hole-alignment 
characteristics. The team has determined that the fixture 
that holds the flat bracket in place during the bending 

q➛

CaSe StUDY 6.2 

Process Improvement

This case is the third in a four-part series of cases involving 
process improvement. Data and calculations for this case 
establish the foundation for the future cases. Completing 
this case will provide insight into the use of X and R charts 
in process improvement. The case can be worked by hand 
or with the software provided.

PART 1
Figure C6.2.1 provides the details of a bracket assem-
bly to hold a strut on an automobile in place. Welded 
to the auto body frame, the bracket cups the strut and 
secures it to the frame via a single bolt with a lock 
washer. Proper alignment is necessary for both smooth 
installation during assembly and future performance. 
For mounting purposes the left-side hole, A, must be 
aligned on center with the right-side hole, B. If the holes 
are centered directly opposite each other in perfect align-
ment, then the angle between hole centers will measure 
0°. As the flowchart in Figure C6.2.2 shows, the bracket 
is created by passing coils of flat steel through a series 
of progressive dies. As the steel moves through the press, 
the bracket is stamped, pierced, and finally bent into the 
appropriate shape.

Recently customers have been complaining about 
having difficulty securing the bracket closed with the 
bolt and lock washer. The bolts have been difficult to 
slide through the holes and then tighten. Assemblers 

q➛

FIGURE C6.2.1  Bracket
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aSSIGnMent

Utilize the data in Figure C6.2.4 to create another set of X 
and R charts. Has their change to the fixtures resulted in a 
process improvement? How do you know? How are they 
doing when you compare their measure of performance, 
percentage of the parts out of specification, both before 
and after the fixture is changed?

q➛
operation needs to be replaced. One of the measures of 
performance that they created during Step 4 of their prob-
lem-solving process is the percentage of the parts out of 
specification. Now that the fixture has been replaced with 
a better one, the team would like to determine whether 
changing the fixture improved the process by removing a 
root cause of hole misalignment.

FIGURE C6.2.2  Flowchart of Bracket Fabrication Process
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CaSe StUDY 6.3 

Sample-Size Considerations

PART 1
WT Corporation manufactures crankshafts for 2-L auto-
motive engines. To attach a crankshaft to a flywheel, six 
holes are drilled in the flange end of the crankshaft. These 
holes are to be drilled 0.3750 (3

8) inch in diameter. The 
holes are not threaded and go all the way through the 
flange.

q➛
All six holes are drilled simultaneously. Every hour, the 

operator inspects four cranks resulting from four consecu-
tive cycles of the drill press. All six holes on each of four 
crankshafts are measured and the values are recorded. The 
values are provided in Figure C6.3.1.

aSSIGnMent

Following the example set with the first two subgroups, 
use the data in Figure C6.3.1 to calculate X and R values 

q➛

FIGURE C6.3.1  Crankshaft Measurements

HOUR 1 HOUR 2
Crank Crank

Hole 1 2 3 4 Hole 1 2 3 4

1 3751 3752 3750 3750 1 3750 3751 3752 3753
2 3752 3751 3750 3752 2 3749 3752 3754 3752
3 3747 3752 3752 3749 3 3748 3748 3753 3751
4 3745 3745 3741 3745 4 3745 3744 3745 3746
5 3752 3751 3750 3752 5 3750 3754 3753 3750
6 3753 3750 3752 3750 6 3751 3750 3752 3753

X@bar 3750 3750 3749 3750 3749 3750 3752 3751
Range 8 7 11 7 6 10 9 7

HOUR 3 HOUR 4
Crank Crank

Hole 1 2 3 4 Hole 1 2 3 4
1 3751 3749 3752 3753 1 3751 3753 3752 3750
2 3748 3752 3751 3753 2 3750 3751 3751 3751
3 3749 3749 3753 3752 3 3749 3750 3751 3752
4 3745 3744 3744 3743 4 3741 3745 3744 3745
5 3750 3751 3752 3750 5 3752 3755 3751 3750
6 3752 3749 3750 3753 6 3753 3752 3754 3753

HOUR 5 HOUR 6
Crank Crank

Hole 1 2 3 4 Hole 1 2 3 4
1 3751 3752 3754 3753 1 3752 3750 3751 3750
2 3754 3750 3751 3752 2 3751 3750 3752 3750
3 3752 3753 3752 3751 3 3753 3750 3753 3750
4 3745 3746 3747 3746 4 3744 3745 3746 3744
5 3751 3751 3753 3754 5 3751 3750 3751 3751
6 3750 3752 3753 3751 6 3750 3751 3750 3750

HOUR 7 HOUR 8
Crank Crank

Hole 1 2 3 4 Hole 1 2 3 4
1 3751 3749 3751 3750 1 3752 3751 3753 3750
2 3754 3750 3752 3751 2 3751 3752 3753 3750
3 3752 3750 3753 3750 3 3753 3753 3750 3751
4 3754 3742 3744 3745 4 3744 3746 3745 3744
5 3750 3750 3750 3750 5 3751 3751 3752 3750
6 3751 3749 3751 3750 6 3750 3750 3752 3750
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HOUR 9 HOUR 10
Crank Crank

Hole 1 2 3 4 Hole 1 2 3 4
1 3750 3752 3751 3750 1 3750 3752 3751 3750
2 3751 3750 3751 3750 2 3750 3751 3752 3750
3 3752 3750 3750 3749 3 3750 3752 3751 3750
4 3741 3742 3740 3742 4 3745 3744 3746 3745
5 3751 3752 3750 3750 5 3750 3752 3752 3751
6 3752 3754 3750 3754 6 3750 3751 3752 3751

HOUR 11 HOUR 12
Crank Crank

Hole 1 2 3 4 Hole 1 2 3 4
1 3750 3750 3751 3750 1 3750 3750 3749 3750
2 3750 3749 3751 3750 2 3750 3751 3750 3749
3 3751 3752 3750 3751 3 3750 3750 3751 3751
4 3742 3744 3743 3744 4 3741 3746 3745 3744
5 3750 3750 3751 3752 5 3751 3750 3749 3750
6 3750 3749 3750 3751 6 3750 3750 3751 3750

FIGURE C6.3.1  (Continued)

based on the crank. Make X and R charts using the data. 
Interpret the control charts.

PART 2
Based on the X and R charts, the process appears to be 
performing smoothly. Two-thirds of the points are near 
the centerline, and there are no patterns or points out of 
control.

After shipping this group of crankshafts, you receive a 
call from your customer. They are very disturbed. Appar-
ently the crankshafts are not of the quality expected. The 
customer feels that the hole diameters on each crank are 
not consistent. You point out that the process is under 
control, as verified by the control charts. In response, 
your customer suggests that you take another look at the 
data.

aSSIGnMent

Referring to the sections in chapter discussing variation 
and choosing a rational subgroup size to be sampled, what 
information is being provided by the control charts? How 
were the averages arrived at? What data were combined? 
What information is the R chart providing?

PART 3
After taking a close look at how the data are organized, 
you should have discovered that the average is based on 

q➛

summing up the diameters for all six holes on the crank. 
The average is the average value of the diameter of all the 
holes on one particular crank. The cycle-to-cycle or crank-
to-crank differences can be monitored by comparing one 
X value with another. If the data are separated into the 
hours in which they were produced, then the hour-to-hour 
differences can be seen. Both measurements are between-
subgroup measurements.

To study within-subgroup measurements, the range 
chart is used. The range chart displays the variation pre-
sent between the different hole diameters for a single crank. 
Reexamine the charts. Discuss the range chart in light of 
this information. What does the range tell you about the 
variation present in the average values?

aSSIGnMent

Since the study of the data from this point of view has not 
yielded an answer to the customer’s concerns, perhaps it 
would be beneficial to determine: What question are we 
trying to answer? What aspect of product performance is 
important to the customer?

PART 4
In an earlier discussion, the customer mentioned that 
the hole diameters on each crank are not consistent. 
Although the range chart reveals that significant within-
crank variation is present, the charts you created do not 
clearly show the variation caused by each individual drill. 
The data combine information from six holes, which are 

q➛
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FIGURE C6.3.2  Crankshaft Measurements, by Crank

HOUR 1 HOUR 2
Crank Crank

Hole 1 2 3 4 AVE R    Hole 1 2 3 4
1 3751 3752 3750 3750 3751 2    1 3750 3751 3752 3753
2 3752 3751 3750 3752 3751 2    2 3749 3752 3754 3752
3 3747 3752 3752 3749 3750 5    3 3748 3748 3753 3751
4 3745 3745 3741 3745 3744 4    4 3745 3744 3745 3746
5 3752 3751 3750 3752 3751 2    5 3750 3754 3753 3750
6 3753 3750 3752 3750 3751 3    6 3751 3750 3752 3753

HOUR 3 HOUR 4
Crank Crank

Hole 1 2 3 4 Hole 1 2 3 4
1 3751 3749 3752 3753 1 3751 3753 3752 3750
2 3748 3752 3751 3753 2 3750 3751 3751 3751
3 3749 3749 3753 3752 3 3749 3750 3751 3752
4 3745 3744 3744 3743 4 3741 3745 3744 3745
5 3750 3751 3752 3750 5 3752 3755 3751 3750
6 3752 3749 3750 3753 6 3753 3752 3754 3753

HOUR 5 HOUR 6
Crank Crank

Hole 1 2 3 4 Hole 1 2 3 4
1 3751 3752 3754 3753 1 3752 3750 3751 3750
2 3754 3750 3751 3752 2 3751 3750 3752 3750
3 3752 3753 3752 3751 3 3753 3750 3753 3750
4 3745 3746 3747 3746 4 3744 3745 3746 3744
5 3751 3751 3753 3754 5 3751 3750 3751 3751
6 3750 3752 3753 3751 6 3750 3751 3750 3750

HOUR 7 HOUR 8
Crank Crank

Hole 1 2 3 4 Hole 1 2 3 4
1 3751 3749 3751 3750 1 3752 3751 3753 3750
2 3752 3750 3754 3751 2 3751 3752 3753 3750
3 3753 3750 3752 3750 3 3753 3753 3750 3751
4 3744 3742 3745 3745 4 3744 3746 3745 3744
5 3750 3750 3750 3750 5 3751 3751 3752 3750
6 3751 3749 3751 3750 6 3750 3750 3752 3750

HOUR 9 HOUR 10
Crank Crank

Hole 1 2 3 4 Hole 1 2 3 4
1 3750 3752 3751 3750 1 3750 3752 3751 3750
2 3751 3750 3751 3750 2 3750 3751 3752 3750
3 3752 3750 3750 3749 3 3750 3752 3751 3750
4 3741 3742 3740 3742 4 3745 3744 3746 3745
5 3751 3752 3750 3750 5 3750 3752 3752 3751
6 3752 3754 3750 3754 6 3750 3751 3752 3751

HOUR 11 HOUR 12
Crank Crank

Hole 1 2 3 4 Hole 1 2 3 4
1 3750 3750 3751 3750 1 3750 3750 3749 3750
2 3750 3749 3751 3750 2 3750 3751 3750 3749
3 3751 3752 3750 3751 3 3750 3750 3751 3751
4 3742 3744 3743 3744 4 3741 3746 3745 3744
5 3750 3750 3751 3752 5 3751 3750 3749 3750
6 3750 3749 3750 3751 6 3750 3750 3751 3750
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we can now understand why the customer is upset. The 
inconsistent hole sizes cause assembly problems, making 
it difficult to assemble the cranks and flywheels. Over-
size and undersize holes lead to fit problems. To improve 
the process, each of the drills will need to be adjusted 
to bring the averages closer to the nominal dimension 
of 0.3750 inch.

The customer is also interested in whether there are 
cycle-to-cycle differences. In other words, is each of the 
six individual drills drilling holes of consistent size from 
cycle to cycle? These within-subgroup differences can be 
seen on the R chart. The variation present in the hole sizes 
is relatively consistent. Further reductions in the variation 
present in the process will decrease assembly difficulties 
later.

aSSIGnMent

Creating control charts separating data for each drill bit will 
enhance understanding of the process by increasing the sen-
sitivity of the charts. When the data are separated into six 
charts, the users of the charts will be able to determine quickly 
how each drill is operating. Placing data for all six drill bits 
on different charts unclutters the data and more clearly shows 
the process centering and variation present for each drill.

Reuse your calculations of X and R from Figure C6.3.2 
to create and interpret six separate control charts. Using 
the same values, separate them according to which drill 
they are from. Describe the process centering and spread 
present for each drill.

q➛

drilled simultaneously. The subgroups in Figure C6.3.1 
have been arranged to study the variation present in 
each crank, not the variation present in each individual 
drill. To study crank-to-crank and hole-to-hole differ-
ences between subgroups, the hole-size data must be 
reorganized.

aSSIGnMent

Using Figure C6.3.2 and the first hour’s calculations as a 
guide, re-create the control charts. Interpret the between-
subgroup and within-subgroup variation present.

PART 5
An investigation of the new X and R charts reveals that 
there are significant differences between the sizes of holes 
being drilled on the crank. Unlike the first charts created 
with the same data, these charts display a definite pattern. 
The differences between drill bits can now easily be seen. 
Hole 4 is consistently being drilled undersize, creating a 
very noticeable pattern on the X chart. It should also be 
noted that based on a nominal dimension of 0.3750, the 
other holes are being drilled slightly oversize.

Rearranging the data has clarified the between-sub-
group differences that can now be seen in the X chart. 
By focusing on the aspect of the product critical to the 
customer, the control chart more clearly answers the 
customer’s questions. In this case, the customer is inter-
ested in whether systematic differences exist between 
the holes drilled. Investigated from this point of view, 

q➛
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ProcESS caPability

It certainly would be interesting to have some insight 
into the future. We would know which questions were 
to be on a test, whether a traffic jam existed on the 
road we wished to take, which investments would 
make us the greatest return on our money. When man-
ufacturing a product or providing a service, decision 
makers would like to know if the product or service 
provided in the future is capable of meeting specifica-
tions. Control charts and their calculations, while they 
can’t replace a crystal ball, can give those who use 
them insight into the capability of a process and what 
future production might be like.

q➛ L e a r n i n g  O p p O r t u n i t i e s

1. To gain an understanding of the relationship between 
individual values and their averages

2. To understand the difference between specification 
limits and control limits

3. To learn to calculate and interpret the process capabil-
ity indices: Cp, Cr, and Cpk

Tashalex/Fotolia
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is difficult to assemble products that vary from the high 
side of the specification limits to the low side of the speci-
fications. An undersized part A may not mate correctly 
with an oversized part B.

Determining the process capability aids industry in 
meeting their customer demands. Manufacturers of prod-
ucts and providers of services can use process capabil-
ity concepts to assist in decisions concerning product or 
process specifications, appropriate production methods, 
equipment to be used, and time commitments.

iNdiVidual ValuES comParEd 
with aVEragES
Process capability is based on the performance of individ-
ual products or services against specifications. In quality 
assurance, samples are taken to study the process. Analysts 
use information from the samples to determine the behav-
ior of individuals in a process. To do this, the analyst needs 
an understanding of the relationship between individual 
values and their averages.

Subgroup sample averages are composed of individual 
values. Table 7.1 repeats the tally of individual and average 
values of clutch plate thickness data from Table 5.1. Table 
7.1 also includes information for the range values. With 
this actual production line data, two frequency diagrams 
have been created in Figure 7.3. One frequency diagram is 

Process capability refers to the ability of a process to pro-
duce products or provide services capable of meeting the 
specifications set by the customer or designer. As discussed 
in the last chapter, variation affects a process and may pre-
vent the process from producing products or services that 
meet customer specifications. Reducing process variability 
and creating consistent quality increase the viability of pre-
dictions of future process performance (Figure 7.1). Know-
ing process capability gives insight into whether the process 
will be able to meet future demands placed on it.

We have all encountered limitations in process capa-
bility. Consider what happens when a student is given sev-
eral major assignments from different classes that are all 
due on the same date. Since there are only so many hours 
in the day, the capability of the process (the student) will 
be severely affected by the overload of assignments. The 
student may choose to complete each of the assignments 
as best he can, resulting in a group of assignments of aver-
age work. Or the student may choose to perform superior 
work on one project and mediocre work on the remain-
der. Or the student may decide to turn some of the pro-
jects in late. Any number of combinations exist; however, 
completion of all of the assignments on the due date with 
perfect quality probably won’t happen. The process is 
incapable of meeting the demands placed on it.

In industry, the concept is similar. A customer may ask 
for part tolerances so fine that the machines are not capa-
ble of producing to that level of exactness. In assembly, it 

FIguRE 7.1  Future Predictions

Prediction

Prediction

Time

Time

Future is
stable and predictable.

Future is not
stable or predictable.
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constructed of individual values; the other is made up of 
subgroup averages. Both distributions are approximately 
normal. The important difference to note is that individual 
values spread much more widely than their averages. When 
the two diagrams are compared, the averages are grouped 
closer to the center value than are the individual values, 
as described by the central limit theorem. Average values 
smooth out the highs and lows associated with individu-
als. This comparison will be important to keep in mind 
when comparing the behavior of averages and control lim-
its with that of individual values and specification limits 
(Figure 7.4).

FIguRE 7.3  Normal Curves for Individuals and 
Averages

0.
06
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0.
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individuals
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At RQM Inc., the manufacturing engineers are seeking the root 
cause of a problem involving the Model M automobile. Customers 
describe a banging noise when shifting gears. The sound occurs 
primarily when the transmission is shifted from reverse to drive. 
This problem is a nuisance problem for RQM’s customers, affecting 
their perception of vehicle quality.

Through much investigation and experimentation, the engineers 
were able to isolate the sound as coming from the exhaust system 
hitting the heat shield underneath the car when shifting occurs. 

They evaluated whether the exhaust pipe clearance specifications 
were being met. Their investigation revealed that the clearance 
distance specifications of 31.0 { 10 mm are being held; however, 
a significant portion of the vehicles measured had a distance of 
21–22 mm, on the low side of the specification. They also noted 
that significant variation exists in the measurements (Figure 7.2) 
Because of their understanding of process capability and the rela-
tionship between samples and populations, the engineers realized 
that further study into the capability of this process is necessary.

Process Capability rEal toolS for rEal liFEq➛

q➛
FIguRE 7.2  Real Tools for Real Life: Process Capability

21 31 41
Lower
specification
limit (LSL)

Upper
specification
limit (USL)

Target

FIguRE 7.4  Comparison of the Spread of Indi-
vidual Values with Averages
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tablE 7.1 Clutch Plate Thickness: Sums and Averages

aXi X r

Subgroup  1 0.0625 0.0626 0.0624 0.0625 0.0627 0.3127 0.0625 0.0003
Subgroup  2 0.0624 0.0623 0.0624 0.0626 0.0625 0.3122 0.0624 0.0003
Subgroup  3 0.0622 0.0625 0.0623 0.0625 0.0626 0.3121 0.0624 0.0004
Subgroup  4 0.0624 0.0623 0.0620 0.0623 0.0624 0.3114 0.0623 0.0004
Subgroup  5 0.0621 0.0621 0.0622 0.0625 0.0624 0.3113 0.0623 0.0004

Subgroup  6 0.0628 0.0626 0.0625 0.0626 0.0627 0.3132 0.0626 0.0003
Subgroup  7 0.0624 0.0627 0.0625 0.0624 0.0626 0.3126 0.0625 0.0003
Subgroup  8 0.0624 0.0625 0.0625 0.0626 0.0626 0.3126 0.0625 0.0002
Subgroup  9 0.0627 0.0628 0.0626 0.0625 0.0627 0.3133 0.0627 0.0003
Subgroup 10 0.0625 0.0626 0.0628 0.0626 0.0627 0.3132 0.0626 0.0003

Subgroup 11 0.0625 0.0624 0.0626 0.0626 0.0626 0.3127 0.0625 0.0002
Subgroup 12 0.0630 0.0628 0.0627 0.0625 0.0627 0.3134 0.0627 0.0005
Subgroup 13 0.0627 0.0626 0.0628 0.0627 0.0626 0.3137 0.0627 0.0002
Subgroup 14 0.0626 0.0626 0.0625 0.0626 0.0627 0.3130 0.0626 0.0002
Subgroup 15 0.0628 0.0627 0.0626 0.0625 0.0626 0.3132 0.0626 0.0003

Subgroup 16 0.0625 0.0626 0.0625 0.0628 0.0627 0.3131 0.0626 0.0003
Subgroup 17 0.0624 0.0626 0.0624 0.0625 0.0627 0.3126 0.0625 0.0003
Subgroup 18 0.0628 0.0627 0.0628 0.0626 0.0630 0.3139 0.0627 0.0004
Subgroup 19 0.0627 0.0626 0.0628 0.0625 0.0627 0.3133 0.0627 0.0003
Subgroup 20 0.0626 0.0625 0.0626 0.0625 0.0627 0.3129 0.0626 0.0002

Subgroup 21 0.0627 0.0626 0.0628 0.0625 0.0627 0.3133 0.0627 0.0003
Subgroup 22 0.0625 0.0626 0.0628 0.0625 0.0627 0.3131 0.0626 0.0003
Subgroup 23 0.0628 0.0626 0.0627 0.0630 0.0627 0.3138 0.0628 0.0004
Subgroup 24 0.0625 0.0631 0.0630 0.0628 0.0627 0.3141 0.0628 0.0006
Subgroup 25 0.0627 0.0630 0.0631 0.0628 0.0627 0.3143 0.0629 0.0004

Subgroup 26 0.0630 0.0628 0.0629 0.0628 0.0627 0.3142 0.0628 0.0003
Subgroup 27 0.0630 0.0628 0.0631 0.0628 0.0627 0.3144 0.0629 0.0004
Subgroup 28 0.0632 0.0632 0.0628 0.0631 0.0630 0.3153 0.0631 0.0004
Subgroup 29 0.0630 0.0628 0.0631 0.0632 0.0631 0.3152 0.0630 0.0004
Subgroup 30 0.0632 0.0631 0.0630 0.0628 0.0628 0.3149 0.0630 0.0004

9.3981

EStimatioN oF PoPulatioN 
Sigma From SamPlE data
Sample values and their averages provide insight into the 
behavior of an entire population. The larger the sample 
size, n, the more representative the sample average, X, 
is of the mean of the population, m. In other words, X 
becomes a more reliable estimate of m as the sample size is 
increased. The ability of X to approximate m is measured 
by the expression s/2n, the standard error of the mean. 
It is possible to estimate the spread of the population of 
individuals using the sample data. This formula shows the 
relationship between the population standard deviation (s) 
and the standard deviation of the subgroup averages (s X):

s X =
s2n

where

 sX = standard deviation of subgroup averages
 s = population standard deviation
 n = number of observations in each subgroup

The population standard deviation, s, is determined 
by measuring the individuals. This necessitates measuring 
every value. To avoid complicated calculations, if the pro-
cess can be assumed to be normal, the population standard 
deviation can be estimated from either the standard devia-
tion associated with the sample standard deviation (s) or 
the range (R):

sn =
s
c4
 or sn =

R
d2

where

 sn = estimate of population standard deviation 

 s = sample standard deviation calculated from sub-
group samples

 R = average range of subgroups
c4 as found in Appendix 2
d2 as found in Appendix 2

Because of the estimators (c4 and d2), these two for-
mulas will yield similar but not identical values for sn. 
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the expected process variation but not the specification 
limits. While the process is out of control, for the time 
being the customer’s needs are being met. In the process 
shown in Figure 5, the bottom chart is under control 
and with the control limits. However, the process is out 
of the specification limits. This situation reveals that the 
process is performing to the best of its abilities, but not 
well enough to meet the specifications set by the customer 
or designer. In this case (Figure 7.5, bottom chart), it 
may be possible to shift the process centering to meet the 
specifications.

As we learned in Chapter 5 during the discussion of 
the central limit theorem and in Figure 7.3, the spread of 
individual values is wider than the spread of the averages. 
Because of this, control limits cannot be compared directly 
with specification limits. An X chart does not reflect how 
widely the individual values composing the plotted aver-
ages spread. This is one reason why an R or s chart is 
always used in conjunction with the X chart. The spread 
of the individual data can be seen only by observing what 
is happening on the R or s chart. If the values on the R or s 
chart are large, then the variation associated with the aver-
age is large. Figure 7.6 shows a control chart created using 
the concepts from Chapter 6 and the values in Table 7.1. 
The X’s are circled. Individual values shown as X’s are also 
plotted on this chart. Note where the individual values fall 

Dr. Shewhart confirmed that the standard deviation of 
subgroup sample means is the standard deviation of indi-
vidual samples divided by the square root of the subgroup 
size. He did this by drawing, at random from a large bowl, 
numbered, metal lined, disk-shaped tags. He used this 
information to determine the estimators and c4 and d2.

coNtrol limitS VErSuS 
SPEciFicatioN limitS
A process is in control only when its process centering and 
the amount of variation present in the process remain con-
stant over time. If both are constant, then the behavior of 
the process will be predictable. As discussed in Chapter 6, a 
process under control exhibits the following characteristics:

1. Two-thirds of the points are near the center value.
2. A few of the points are close to the center value.
3. The points float back and forth across the centerline.
4. The points are balanced (in roughly equal numbers) on 

both sides of the centerline.
5. There are no points beyond the control limits.
6. There are no patterns or trends on the chart.

It is important to note that a process in statistical con-
trol will not necessarily meet specifications as established 
by the customer. There is a difference between a process 
conforming to specifications and a process performing 
within statistical control. Control limits and specification 
limits are two separate concepts, which may, at first, seem 
difficult to separate. The importance of understanding the 
difference between the two cannot be overestimated.

Established during the design process or from customer 
requests, specifications communicate what the customers 
expect, want, or need from the process. Specifications can 
be considered the voice of the customer.

Control limits are the voice of the process. The center-
line on the chart represents process centering. The R and 
s chart limits represent the amount of variation present in 
the process. Control limits are a prediction of the varia-
tion that the process will exhibit in the near future. The 
difference between specifications and control limits is that 
specifications relay wishes and control limits tell of reality.

Occasionally, creators of control charts inappropri-
ately place specification limits on control charts. Processes 
are unaware of specifications; they perform to the best 
of their capabilities. Unfortunately, specification limits 
on control charts encourage users to adjust the process 
on the basis of them instead of on the true limits of the 
process, the control limits. The resulting miscued changes 
can potentially disrupt the process and increase process 
variation.

For explanatory purposes, both control limits and 
specification limits appear on the charts in Figure 7.5, 
a practice not to be followed in industry. The variation 
in Figure 7.5, top chart, exceeds control limits marking 

FIguRE 7.5  For Explanation Purposes Only, These 
Charts Show Control Limits versus Specification Limits
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divided the X chart into three sections (Figure 7.7) chosen 
on the basis of how the data on the X chart appear to have 
grouped. X values in section A are centered at the mean 
and are very similar. In section B, the X values are above 
the mean and more spread out. Section C values have a 
slight downward trend.

Studying the sections on the R chart reveals that the 
spread of the data is changing (Figure 7.7). The values in 
section A have an average amount of variation, denoted 
by the normal curve corresponding to section A. Variation 
increases in section B, resulting in a much broader spread 
on the normal curve (B). The significant decrease in varia-
tion in section C is shown by the narrow, peaked distribu-
tion. The R chart describes the spread of the individuals 
on the X chart. q➛

in relation to the control limits established for the process. 
The individuals spread more widely than the averages and 
follow the pattern established by the R chart. Studying the 
R chart in conjunction with the X chart can significantly 
increase the user’s understanding of the variation present 
in the process.

Example 7.1 using the X and R Charts to Assess 
the Process
Engineers in a materials testing lab have been studying 
the results of a tensile strength test. To better understand 
the process performance and the spread of the individual 
values that compose the averages, they have overlaid the 
R chart pattern on the X chart. To do this easily, they 

FIguRE 7.6  X and R Chart Showing Averages and Individuals

0.0630

0.0625

0.0620

1 2 3 4 5 6 7 8 9 10

UCLX = 0.0629

LCLX = 0.0625
CLX 

= 0.0627

0.0007

0.0005

0.0003

UCLR = 0.0007

CLR 
= 0.0003

0.0000

FIguRE 7.7  Overlaying the R Chart Pattern on the X Chart

UCLX

LCLX

UCLR

R

LCLR

XX
R

an
ge

, R

A B C

A B C

M07_SUMM3273_06_SE_C07.indd   238 10/28/16   11:36 AM



Process Capability      239

situation exists (Figure 7.10a). Even though the process 
is exhibiting only natural patterns of variation, it is inca-
pable of meeting the specifications set by the customer. 
To correct this problem, management intervention will 
be necessary in order to change the process to decrease 
the variation or to recenter the process if necessary. The 
capability of the process cannot be improved without 
changing the existing process. To achieve a substantial 
reduction in the standard deviation or spread of the data, 
management will have to authorize the utilization of dif-
ferent materials, the overhaul of the machine, the pur-
chase of a new machine, the retraining of the operator, 
or other significant changes to the process. Other, less 
desirable approaches to dealing with this problem are to 
perform 100 percent inspection on the product, increase 
the specification limits, or shift the process average so that 
all of the nonconforming products occur at one end of 
the distribution (Figure 7.10b). In certain cases, shifting 
the process average can eliminate scrap and increase the 
amount of rework, thus saving scrap costs by increasing 
rework costs.

calculatiNg ProcESS 
caPability iNdicES
Process capability indices are mathematical ratios that 
quantify the ability of a process to produce products 
within the specifications. The capability indices compare 
the spread of the individuals created by the process with 
the specification limits set by the customer or designer. The 
6s spread of the individuals can be calculated for a new 
process that has not produced a significant number of parts 
or for a process currently in operation. In either case, a 
true 6s value cannot be determined until the process has 
achieved stability, as described by the X and R charts or 
X and s charts. If the process is not stable, the calculated 
values may or may not be representative of the true process 
capability.

thE 6S SPrEad VErSuS 
SPEciFicatioN limitS
The spread of the individuals in a process, 6s, is the meas-
ure used to compare the realities of production with the 
desires of the customers. The process standard deviation is 
based on either s or R from control chart data:

sn =
s
c4
 or sn =

R
d2

where

 sn = estimate of population standard deviation
 s = sample standard deviation calculated from  

  process
 R = average range of subgroups calculated from  

  process
c4 as found in Appendix 2
d2 as found in Appendix 2

Remember, because of the estimators (c4 and d2), these two 
formulas will yield similar but not identical values for sn

Specification limits, the allowable spread of the indi-
viduals, are compared with the 6s spread of the process 
to determine how capable the process is of meeting the 
specifications. Three different situations can exist when 
specifications and 6s are compared: (1) the 6s process 
spread can be less than the spread of the specification lim-
its; (2) the 6s process spread can be equal to the spread of 
the specification limits; (3) the 6s process spread can be 
greater than the spread of the specification limits.

Case I: 6S 6 USL ∙ LSL This is the most desirable 
case. Figure 7.8 illustrates this relationship. The con-
trol limits have been placed on the diagram, as well as 
the spread of the process averages (dotted line). The 6s 
spread of the process individuals is shown by the solid 
line. As expected, the spread of the individual values is 
greater than the spread of the averages; however, the val-
ues are still within the specification limits. The 6s spread 
of the individuals is less than the spread of the specifica-
tions. This allows for more room for process shifts while 
staying within the specifications. Notice that even if the 
process drifts out of control (Figure 7.8b), the change 
must be dramatic before the parts are considered out of 
specification.

Case II: 6S = 6 USL ∙ LSL In this situation, 6s is 
equal to the tolerance (Figure 7.9a). As long as the process 
remains in control and centered, with no change in process 
variation, the parts produced will be within specification. 
However, a shift in the process mean (Figure 7.9b) will 
result in the production of parts that are out of specifica-
tion. An increase in the variation present in the process also 
creates an out-of-specification situation (Figure 7.9c).

Case III: 6S 7 USL ∙ LSL Anytime that the 6s spread 
is greater than the tolerance spread, an undesirable 

FIguRE 7.8  Case I: 6s 6 USL - LSL
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4. Calculate the estimate of the population standard 
deviation:

sn =
s
c4

where c4 is obtained from Appendix 2.
5. Multiply the population standard deviation by 6.

Example 7.2 JRPS Assembly: Calculating 6Sn

The individuals at JRPS monitoring the process assem-
bling shafts and armatures want to calculate 6sn. They 
intend to use the data gathered during a recent produc-
tion run (Table 7.2). They have 21 subgroups of sample 
size 5 for a total of 105 measurements, more than the 80 
recommended.

They calculate the sample standard deviation, si, for 
each subgroup (Table 7.2). From these values they calcu-
late the average sample standard deviation, s:

Calculating 6Sn

Assuming the process is under statistical control, we use 
the following method to calculate 6sn  of a new process:

1. Take at least 20 subgroups of sample size 4 for a total 
of 80 measurements.

2. Calculate the sample standard deviation, si, for each 
subgroup.

3. Calculate the average sample standard deviation, s:

s =
am
i = 1

si

m

where

 si = standard deviation for each subgroup
 m = number of subgroups

FIguRE 7.9  Case II: 6s = USL - LSL
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where

 Ri = individual range values for the subgroups
 m = number  of subgroups

4. Calculate the estimate of the population standard 
deviation, sn:

sn =
R
d2

where d2 is obtained from Appendix 2.
5. Multiply the population standard deviation by 6.

Using more than 20 subgroups will improve the accuracy 
of the calculations.

Example 7.3 Clutch Plate: Calculating 6S
The engineers involved in Chapter 5’s clutch plate exam-
ple use the data in Table 7.1 to calculate 6sn  for the clutch 
plate. Thirty subgroups of sample size 5 and their ranges 
are used to calculate the average range, R:

 R =
am
i = 1

Ri

m
=

0.0003 + 0.0003 + g + 0.0004
21

 = 0.0003

Next, the engineers calculate the estimate of the 
population standard deviation, sn

sn =
R
d2

=
0.0003
2.326

= 0.0001

Using a sample size of 5, they take the value for d2 
from Appendix 2.

 s =
am
i = 1

si

m
=

0.031 + 0.029 + g + 0.015
21

 =
0.414

21
= 0.02

The next step involves calculating the estimate of the 
population standard deviation:

sn =
s
c4

=
0.02

0.9400
= 0.021

The value of c4 is obtained from Appendix 2 and is 
based on a sample size of 5.

As the final step they multiply the population stand-
ard deviation by 6:

6sn = 6(0.021) = 0.126

This value can be compared with the spread of the 
specifications to determine how the individual shafts pro-
duced by the process compare with the specifications set 
by the designer. q➛
A second method of calculating 6sn  is to use the data 

from a control chart. Once again, it is assumed that the 
process is under statistical control, with no unusual pat-
terns of variation.

1. Take the past 20 subgroups, sample size of 4 or more.
2. Calculate the range, R, for each subgroup.
3. Calculate the average range, R:

R =
am
i = 1

Ri

m

Subgroup  
Number X1 X s

1 11.950 12.000 12.030 11.980 12.010 11.994 0.031
2 12.030 12.020 11.960 12.000 11.980 11.998 0.029
3 12.010 12.000 11.970 11.980 12.000 11.992 0.016
4 11.970 11.980 12.000 12.030 11.990 11.994 0.023
5 12.000 12.010 12.020 12.030 12.020 12.016 0.011
6 11.980 11.980 12.000 12.010 11.990 11.992 0.013
7 12.000 12.010 12.030 12.000 11.980 12.004 0.018
8 12.000 12.010 12.040 12.000 12.020 12.014 0.017
9 12.000 12.020 11.960 12.000 11.980 11.992 0.023

10 12.020 12.000 11.970 12.050 12.000 12.008 0.030
11 11.980 11.970 11.960 11.950 12.000 11.972 0.019
12 11.920 11.950 11.920 11.940 11.960 11.938 0.018
13 11.980 11.930 11.940 11.950 11.960 11.952 0.019
14 11.990 11.930 11.940 11.950 11.960 11.954 0.023
15 12.000 11.980 11.990 11.950 11.930 11.970 0.029
16 12.000 11.980 11.970 11.960 11.990 11.980 0.016
17 12.020 11.980 11.970 11.980 11.990 11.988 0.019
18 12.000 12.010 12.020 12.010 11.990 12.006 0.011
19 11.970 12.030 12.000 12.010 11.990 12.000 0.022
20 11.990 12.010 12.020 12.000 12.010 12.006 0.011
21 12.000 11.980 11.990 11.990 12.020 11.996 0.015

tablE 7.2  X And s Values of Roller Shafts
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better. If the capability index is equal to 1.00, then a Case 
II situation exists (Figure 7.9a). This is not optimal, but it 
is feasible. If the capability index is less than 1.00, then a 
Case III situation exists (Figure 7.10a). Values of less than 
1 are undesirable and reflect the process’s inability to meet 
the specifications.

Example 7.4 JRPS Assembly: Finding the 
Capability Index
Customers expect a supplier to be capable of making 
their requested products to specifications. Often, they 
will ask for process capability values in order to judge 
supplier performance. In preparation for a meeting with 
one of their customers, those monitoring the shaft mak-
ing process in Example 7.2 want to calculate its pro-
cess capability, Cp. They use specification limits of 
USL = 12.05, LSL = 11.95:

 Cp =
USL - LSL

6sn
=

12.05 - 11.95
0.126

 = 0.794

This process is not capable of meeting the demands 
placed on it. Improvements will need to take place to meet 
the customer’s requirements. q➛

To determine 6sn they multiply the population stand-
ard deviation by 6:

6sn = 6(0.0001) = 0.0006

They now compare this value with the specifi-
cation limits to determine how well the process is  
performing. q➛

the Capability index
Once calculated, the s values can be used to determine 
several indices related to process capability. The capability 
index Cp is the ratio of tolerance (USL - LSL) and 6sn:

Cp =
USL - LSL

6sn

where

Cp = capability index
USL - LSL = upper specification limit lower  

      specification limit, or tolerance

The capability index is interpreted as follows: If the 
capability index is larger than 1.00, a Case I situation exists 
(Figure 7.8a). This is desirable. The greater this value, the 

Over-the-road trucks haul all sorts of freight around our country. 
One company has embraced the lean philosophy and has been 
working to remove waste from their key processes. The company, 
truckers, manufacturers, shippers, and state transportation depart-
ments have been working together to minimize the amount of turn-
around time experienced by a truck. As part of their push for lean 
turn-around times, the company uses statistics, control charts, and 
process capability information to help them make improvements.

The company, a Florida orange juice producer, has been 
studying the time it takes to prepare an independent-hauler 
truck for shipment. This process begins when the production 
department notifies the traffic department to arrange for an 
independent hauler for a juice shipment. When the truck arrives 
at the plant, the truck’s information is entered into the com-
pany’s computerized tracking system. This paperwork includes 
information on previous loads and tank wash records. This step 
is targeted to take 25 minutes + /-4 minutes. The current pro-
cess has an average of 25, with an average range of 3 minutes. 
The sample size is 6.

Since contaminants must not be allowed in juice consumed 
by humans, having a clean tank is of paramount importance. On 
average, it takes 45 minutes to clean a tanker; 20 minutes round-
trip travel time to the wash area and 25 minutes for the actual 
wash. At any given moment, there may also be a line of trucks 
waiting to be washed. The longest wait recorded was 1 hour, the 
shortest 0 minutes. This results in a large average standard devia-
tion for this operation is 10 minutes. The sample size is 3. The 
standard for this operation is 50+ /-5 minutes.

Once back at the plant with a clean truck, the paperwork for 
the truck is completed, requiring an additional 5 minutes. After 

that, the truck is directed to the bulk storage area. Here the 
target time is 75 minutes + /-7 minutes, to fill the tank. At this 
time a sample is taken for USDA testing as required by law. Once 
the sample has been taken, the truck is checked for seals and 
overflow and then the truck returns to the gate for another secu-
rity check before being allowed to proceed to the new destination. 
Currently the process is taking 77 minutes with an average stand-
ard deviation of 2 minutes. The sample size is 10.

Calculate the Cp for each of the three key operations.  
For the paperwork process:

Cp =
29 - 21
6(1.18)

= 1.13  The process is capable of meeting 
requirements of 25+ /-4 minutes

where s =
3

2.534
= 1.18

For the tank cleaning process:

Cp =
55 - 45
6(11.28)

= 0.15  The process is not capable of meeting 
requirements of 50+ /-5 minutes

where s =
10

0.8862
= 11.28

For the tank filling process:

Cp =
82 - 68
6(2.06)

= 1.13  The process is capable of meeting require-
ments of 75+ /-7 minutes

where s =
2

0.9727
= 2.06

Process Capability in Freight Hauling rEal toolS for rEal liFEq➛

q➛
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is consistently producing parts to the high or low side of 
the specification limits. In Figure 7.11, all three distribu-
tions have the same Cp index value of 1.3. Though each 
of these processes has the same capability index, they 
represent three different scenarios. In the first situation 
the process is centered as well as capable. In the second, 
a further upward shift in the process would result in an 
out-of-specification situation. The reverse holds true in 
the third situation. CP and  Cr do not take into account 
the centering of the process. The ratio that reflects how 
the process is performing in terms of a nominal, center, 
or target value is Cpk. Cpk can be calculated using the fol-
lowing formula:

Cpk =
Z(min)

3

where Z(min) is the smaller of

 Z(USL) =
USL - X

sn

 or Z(LSL) =
X - LSL

sn

When Cpk = Cp the process is centered. Figure 7.12 
illustrates Cp and Cpk values for a process that is centered 
and one that is off center. The relationships between Cp 
and Cpk are as follows:

1. When Cp has a value of 1.0 or greater, the process is 
producing product capable of meeting specifications.

2. The Cp value does not reflect process centering.
3. When the process is centered, Cp = Cpk.
4. Cpk is always less than or equal to Cp.
5. When Cp is greater than or equal to 1.0 and Cpk has a 

value of 1.00 or more, it indicates the process is pro-
ducing product that conforms to specifications.

Example 7.5 Clutch Plate: Finding the Capability 
Index
The engineers working with the clutch plate in Example 7.3 
are working with specification limits of 0.0625 { 0.0003. 
The upper specification limit is 0.0628 and the lower 
specification limit is 0.0622. They now calculate Cp  :

 Cp =
USL - LSL

6sn
=

0.0628 - 0.0622
0.0006

 = 1.0

A value of 1.0 means that the process is just capable 
of meeting the demands placed on it by the customer’s 
specifications. To be on the safe side, changes will need 
to occur to improve the process performance. q➛

the Capability ratio
Another indicator of process capability is called the capa-
bility ratio. This ratio is similar to the capability index, 
though it reverses the numerator and the denominator. It 
is defined as

Cr =
6sn

USL - LSL

A capability ratio less than 1 is the most desirable situ-
ation. The larger the ratio, the less capable the process is 
of meeting specifications. Be aware that it is easy to con-
fuse the two indices. The most commonly used index is the 
capability index.

Cpk

The centering of the process is shown by Cpk. As shown 
by the Taguchi loss function described in Chapter 2, a 
process operating in the center of the specifications set 
by the designer is usually more desirable than one that 

FIguRE 7.11  Shifts in Process Centering
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Example 7.7 Clutch Plate: Finding Cpk

To determine the Cpk for the clutch plate:

Cpk =
Z(min)

3
=

1
3

= 0.3333

where

 Z(USL) =
0.0628 - 0.0627

0.0001
= 1

 Z(LSL) =
0.0627 - 0.0622

0.0001
= 5

The Cpk value of 0.3333 is less than 1 and not equal to 
Cp = 1 from Example 7.5. The process is not centered 
between the specification limits. q➛

ProcESS PErFormaNcE 
iNdicES
Process performance indices similar to Cp and Cpk also 
exist. Pp refers to process performance and when calculated 
serves as an indicator of process performance. Like Cp, Pp 
focuses on the spread of the process when compared with 
the spread of the specification limits. Ppk, the process per-
formance index indicates process centering. Pp and Ppk use 
actual sigma values and Cp and Cpk use estimated sigma 
values. Cp and Cpk measure a process’ potential capabili-
ties. Pp and Ppk measure a process’ actual performance. 
Generally, Pp and Ppk are used with a new process or a 
process that may not be under statistical control. The big-
gest difference between Cp and Pp or Cpk and Ppk is how 
the standard deviation is calculated. Cp and Cpk use s and 
Pp and Ppk use s.

6. When Cpk has a value less than 1.00, it indicates the 
process is producing product that does not conform 
to specifications.

7. A Cp value of less than 1.00 indicates that the process 
is not capable.

8. A Cpk value of zero indicates the process average is 
equal to one of the specification limits.

9. A negative Cpk value indicates that the average is out-
side the specification limits.

Example 7.6 JRPS Assembly: Finding Cpk

Determine the Cpk for the shaft values in Example 7.2. The 
average, X, is equal to 11.990.

Cpk =
Z(min)

3

where

 Z(min) = smaller of 
(USL - X)

sn
 or 

(X - LSL)

sn

 Z(USL) =
(12.050 - 11.990)

0.021
= 2.857

 Z(LSL) =
(11.990 - 11.950)

0.021
= 1.905

 Cpk =
1.905

3
= 0.635

A Cpk value of less than 1 means that the process is not 
capable. Because the Cp value (0.794, from Example 7.4) 
and the Cpk value (0.635) are not equal, the process is not 
centered between the specification limits. q➛

FIguRE 7.12  Process Centering: Cp versus Cpk
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The production of integrated circuits by etching them onto silicon 
wafers requires silicon wafers of consistent thickness. Recall from the 
Real Tools for Real Life feature from Chapter 6, Recent quality prob-
lems in Whisks’ silicon wafer line B necessitated creating an X and 
R chart with the data in Figure 7.13. Though Whisks’ control charts 
(Figures 7.14, 7.15) exhibit good control, Whisks’ customer has 
raised questions about whether the process is capable of producing 
wafers within their specifications of 0.250 mm { 0.005.

Using the information provided in the charts, Whisks’ process 
engineers calculate the process capability indicators Cp and Cpk.
Using the values:

 X = 0.250
 R = 0.004

 USLX = 0.255
 LSLX = 0.245

 n = 4
To calculate Cp  :

 Cp =
USL - LSL

6s

 Cp =
0.255 - 0.245

0.012

 Cp = 0.833

To calculate Cpk  :

 Cpk =
Z(min)

3

 Z(USL) =
(USL - X)

s

 Z(USL) =
(0.255 - 0.250)

0.002
=

0.005
0.002

= 2.5

 Z(LSL) =
(X - LSL)

s

 Z(LSL) =
(0.250 - 0.245)

0.002
= 2.5

Therefore,

 Cpk =
2.5
3

 Cpk = 0.833

interpretatiOn

The X and R charts in Figures 7.14 and 7.15 are within statistical 
control according to the guidelines discussed in this chapter. If we 
study process centering, the X chart (Figure 7.14) shows that the 
wafer thickness is centered around the target value of 0.250 mm. 
Studying process variation, the R chart (Figure 7.15) reveals that 
some variation is present in the process; not all the wafers are uni-
form in their thickness.

As we noted earlier in the chapter, a process within  statistical 
control is not necessarily capable of meeting the  specifications 
set by the customer. The control charts do not tell the entire 
story. Whisks’ process capability index, Cp, reveals that the 
process is currently producing wafers that do not meet the 
specifications. The Cpk value is equal to the Cp value; the 
process is centered within the specifications. Essentially, the 
process is producing product as shown in Figure 7.16. As we 
 suspected from earlier examination of the R chart, the Cp and 
Cpk values confirm that too much variation is present in the 
process.

Is the Process Capable? rEal toolS for rEal liFEq➛

X R

Subgroup  1 0.2500 0.2510 0.2490 0.2500 0.2500 0.002
Subgroup  2 0.2510 0.2490 0.2490 0.2520 0.2503 0.003
Subgroup  3 0.2510 0.2490 0.2510 0.2480 0.2498 0.003
Subgroup  4 0.2490 0.2470 0.2520 0.2480 0.2490 0.005
Subgroup  5 0.2500 0.2470 0.2500 0.2520 0.2498 0.005
Subgroup  6 0.2510 0.2520 0.2490 0.2510 0.2508 0.003

Subgroup  7 0.2510 0.2480 0.2500 0.2500 0.2498 0.003
Subgroup  8 0.2500 0.2490 0.2490 0.2520 0.2500 0.003
Subgroup  9 0.2500 0.2470 0.2500 0.2510 0.2495 0.004
Subgroup 10 0.2480 0.2480 0.2510 0.2530 0.2500 0.005
Subgroup 11 0.2500 0.2500 0.2500 0.2530 0.2508 0.003

Subgroup 12 0.2510 0.2490 0.2510 0.2540 0.2513 0.005
Subgroup 13 0.2500 0.2470 0.2500 0.2510 0.2495 0.004
Subgroup 14 0.2500 0.2500 0.2490 0.2520 0.2503 0.003
Subgroup 15 0.2500 0.2470 0.2500 0.2510 0.2495 0.004

FIguRE 7.13  Silicon Wafer Thickness

(continued)
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FIguRE 7.14   X Chart for Silicon Wafer Thickness

Thickness
X-bar UCL = 0.253, X = 0.2500,

 LCL = 0.247 (n = 4)
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FIguRE 7.15  R Chart for Silicon Wafer Thickness

Range UCL = 0.008, R = 0.004,
LCL = none (n = 4)    

Mean
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Most people are not aware that a single nut holds the steering 
wheel on a car or a tractor. Manufacturers of motorized vehicles pay 
careful attention to the amount of torque applied to the nut when 
attaching it to the steering wheel. If the torque is too high or too 
low, the steering wheel may fall off. Having a steering wheel come 
off into your hands in the last thing a driver would like to have 
happen.

Friendly Farmer, Inc. follows the Six Sigma philosophy. They 
have identified the quality and safety processes that are critical 
in their business. The steering wheel, as a safety sensitive assem-
bly, has its process capability monitored closely. The amount of 
torque applied is carefully checked both during the assembly and 
in a later inspection of a sample of four tractors per shift. The 
target specifications for this application are 450 kg/cm2 with a 
range of 3509550 kg/cm2.

Process control sheets describe the process of assembling the 
steering wheels to the tractor frame, the type of torque wrench to 
be used to perform the job, the torque range and target, the item 
being inspected, who is to perform the inspection, how often the 
inspection is performed, how often the wrenches are calibrated, 
where the results should be recorded, and who records these 
results.

When the inspector checks the torque with the wrench, he/she 
listens for one “click” when turning the wrench. This “click” sig-
nifies that the wrench dial can be read. If the number read from 
the dial is out of range, if there is no click, or if there is more 
than one click, the tractor is not released for further assembly.

The average torque of the eight inspected tractors is recorded 
daily on an X and R chart. The X and R charts are monitored for 
patterns and out-of-control situations. Based on the current X and 

Steering Wheel Assembly Process Capability rEal toolS for rEal liFEq➛

FIguRE 7.16  Spread of Averages, 
6s versus Specifications

USL

6u

LSL

Target

Spread of
individuals

Spread of
process
averages

USL - LSL

q➛

FIguRE 7.17  Steering Wheel Bolt Torque
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(continued)
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Or

Min =
Xbar - LSL

s
Then:

Ppk =
Min

3

Example 7.8 JRPS Assembly: Calculating pp and 
ppk

At JRPS, engineers are testing a new manufacturing 
process. Since they do not know if the process is sta-
ble and under statistical control, they have decided 
to calculate Pp and Ppk. The process values are: 
USL = 0.9620, LSL = 0.9550, X@bar = 0.9600 and 
s = 0.0005

Pp =
USL - LSL

6s
=

0.9620 - 0.9550
6(0.0005)

= 2.3333

It is important to use both Pp and Ppk when studying 
process capability because Pp takes into account disper-
sion and Ppk determines process centering. Both provide 
a snapshot of the process at a particular moment in time. 
As with Cp and Cpk, the larger the value calculated the 
more capable the process. If Pp 7 1 then the tolerance is 
greater than the process spread. If Pp 6 1 then the process 
is not capable. Ppk will tell you which specification limit is 
closer to the process average. When interpreting, use the 
nine relationships presented in the Cp and Cpk section of 
this chapter.

To calculate Pp :

Pp =
USL - LSL

6s

To calculate Ppk use the smaller of:

Min =
USL - Xbar

s

FIguRE 7.18  Tractor Steering Wheel Nut Torque Cause-and-Effect Diagram
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R chart (Figure 7.17a), the process has a process capability, Cp, 
of 1.2. Its Cpk value is 1.0, showing that the process is not cen-
tered. Further investigation has revealed that the process is off 
center to the low side of the specifications.

Since this is a critical-to-safety feature on the tractor, the 
company would like to increase its process capability. A project 
team has investigated the causes of improper torque using a 
cause-and-effect diagram (Figure 7.18). Using the diagram as 
a guide, the team determined that two problems existed. The 
production line manufactures several different types of trac-
tors on the same system. Due to workstation design limitations, 

it was easy to select the incorrect torque gun for a particular 
tractor. Part commonalities, one nut looking very similar to 
another, also caused operator error. These two errors required 
some workstation redesign to make the operation mistake proof. 
Bar codes and light curtains work together to provide access to 
appropriate nuts and guns as a particular tractor model enters 
the workstation.

The new process capability, based on the results of the X and 
R chart values is Cp = 1.9 (Figure 7.17b). Even better is the fact 
that the Cpk value has improved to 1.87. The process is nearly 
centered and very capable.

q➛
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Capability iNdiCeS

 Cp =
USL - LSL

6sn

 Cr =
6sn

USL - LSL

 Cpk =
Z(min)

3

where Z(min) is the smaller of Z(USL) = (USL - X)/sn  or 
Z(LSL) = (X - LSL)/sn.

chaPtEr ProblEmS 

1. What do control limits represent? What do specifi-
cation limits represent? Describe the three cases that 
compare specification limits to control limits.

2. Describe the relationship between averages and indi-
viduals in terms of specification limits and control 
limits.

3. Why can a process be in control but not be capable of 
meeting specifications?

4. A hospital is using X and R charts to record the time it 
takes to process patient account information. A sample 
of five applications is taken each day. The first four 
weeks’ (20 days’) data give the following values:

X = 16 min  R = 7 min

 5. If the upper and lower specifications are 21 minutes 
and 13 minutes, respectively, calculate 6sn, Cp, and 
Cpk. Interpret the indices.

5. Two television manufacturers operate plants with dif-
fering quality philosophies. One plant works to target 
and the other works to specification limit. Describe the 
difference between these two philosophies.

6. For the data in Problem 5 of Chapter 6, calculate 
6sn, Cp, and Cpk. Interpret the indices. The specifica-
tion limits are 50 { 0.5. 225, 226, 227, 226, 227, 
228, 228, 229, 222, 223, 224, 226, 227, 228, 225, 
221, 227, 229, 230.

7. For the data in Problem 6 of Chapter 6, calculate 
6sn, Cp, and Cpk. Interpret the indices. The specifica-
tion limits are 0.50350 { 0.00020 mm.

8. Stress tests are used to study the heart muscle after a 
person has had a heart attack. Timely information from 
these stress tests can help doctors prevent future heart 
attacks. The team investigating the turnaround time of 
stress tests has managed to reduce the amount of time 
it takes for a doctor to receive the results of a stress test 
from 68 to 32 hours on average. The team had a goal 
of reducing test turnaround times to between 30 and 
36 hours. Given that the new average test turnaround 
time is 32 hours, with a standard deviation of 1, and 
n = 9, calculate and interpret Cp and Cpk.

To calculate Ppk use the smaller of:

Min =
USL - Xbar

s
=

0.9620 - 0.9600
0.0005

= 4

Or

Min =
Xbar - LSL

s
=

0.9600 - 0.9550
0.0005

= 10

Then:

Ppk =
Min
3

=
4
3

= 1.3333

With a Pp of 2.333 and a Ppk of 1.3333, the process 
spread is smaller than the spread of the specification lim-
its but it is not centered. It is performing closer to the 
upper specification limit. q➛

Summary 

Manufacturing a product or providing a service is more 
than meeting specifications. As reducing the variation asso-
ciated with a process has become a greater concern, the use 
of process capability indices has increased. Used to judge 
how consistently the process is performing, these indices 
provide a great deal of information concerning process cen-
tering and the ability of the process to meet specifications. 
Process capability indices can guide the improvement pro-
cess toward uniformity about a target value.

q➛ lESSoNS lEarNEd 

1. Process capability refers to the ability of a process to 
meet the specifications set by the customer or designer.

2. Individuals in a process spread more widely around a 
center value than do the averages.

3. Specification limits are set by the designer or customer. 
Control limits are determined by the current process.

4. 6sn  is the spread of the process or process capability.

5. Cp, the capability index, is the ratio of the tolerance 
(USL - LSL) and the process capability (6sn).

6. Cr, the capability ratio, is the ratio of the process capa-
bility (6s) and the tolerance (USL - LSL).

7. Cpk is the ratio that reflects how the process is perform-
ing in relation to a nominal, center, or target value.

FormulaS 

 sn =
s
c4

 sn =
R
d2
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9. Hotels use statistical information and control charts 
to track their performance on a variety of indicators. 
Recently a hotel manager has been asked whether his 
team is capable of maintaining scores between 8 and 
10 (on a scale of 1 to 10) for “overall cleanliness of 
room.” The most recent data have a mean of 8.624, 
a standard deviation of 1.446, and n = 10. Calculate 
and interpret Cp and Cpk.

10. The Tasty Morsels Chocolate Company tracks the 
amount of chocolate found in its chocolate bars. The 
target is 26 grams and the upper and lower specifica-
tions are 29 and 23 grams, respectively. If their most 
recent X has a centerline of 25 and the R chart has 
a centerline of 2, and n = 4, is the process capable? 
Calculate and interpret Cp and Cpk.

11. RM Manufacturing makes thermometers for use in 
the medical field. These thermometers, which read in 
degrees Celsius, are able to measure temperatures to 
a level of precision of two decimal places. Each hour, 
RM Manufacturing tests eight randomly selected 
thermometers in a solution that is known to be at a 
temperature of 3°C. Use the following data to create 
and interpret an X and R chart. Based on the desired 
thermometer reading of 3°, interpret the results of your 
plotted averages and ranges.

Subgroup
Average 
Temperature Range

1 3.06 0.10

2 3.03 0.09

3 3.10 0.12

4 3.05 0.07

5 2.98 0.08

6 3.00 0.10

7 3.01 0.15

8 3.04 0.09

9 3.00 0.09

10 3.03 0.14

11 2.96 0.07

12 2.99 0.11

13 3.01 0.09

14 2.98 0.13

15 3.02 0.08

12. The variables control chart seen in Figure P6.3 on 
p. 251 is monitoring the main score residual for a pea-
nut canister pull top. The data are coded from 0.00 
(in other words, a value of 26 in the chart is actually 
0.0026). Finish the calculations for the sum, averages, 
and range. Create an X and R chart, calculate the lim-
its, plot the points, and interpret the chart.

13. The environmental safety engineer at a local firm is 
keeping track of the air particulate readings for four 
separate areas within the plant. Create an X and s 
chart for the average amount of particulates found at 
the time of each sample (read down the columns in 
the chart at the top of p. 215 for each particular time, 
n = 4). Interpret the chart. What is the drawback of 
constructing the chart based on the times the samples 
were taken versus the location in the plant that the 
samples were taken?

14. A quality analyst is checking the process capabil-
ity associated with the production of struts, specifi-
cally the amount of torque used to tighten a fastener. 
Twenty-five samples of size 4 have been taken. These 
were used to create X and R charts. The values for 
these charts are as follows. The upper and lower con-
trol limits for the X chart are 74.80 Nm and 72.37 
Nm, respectively. X is 73.58 Nm. R is 1.66. The speci-
fication limits are 80 Nm { 10. Calculate 6sn, Cp, and 
Cpk. Interpret the values.

15. Complete the following table by calculating 6sn, Cp, 
and Cpk for the data from Case 5.1, parts 1–5. Speci-
fications: 3.750 { 0.005 inch. When interpreting the 
completed table, be sure to compare and contrast the 
values to each other as well as comment about their 
changes over the five days. Note that you do not have 
to complete the cases to answer this question.

Day 1 2 3 4 5

X 3.7494 3.7493 3.7492 3.7496 3.7503

sn 0.0048 0.0046 0.0036 0.0029 0.0008

6sn 0.0288 0.0276

Cp 0.3471 0.3623

Cpk 0.3056 0.3116

16. Return to the orange juice producer in the Real Tools 
for Real Life example. For each of their key processes, 
calculate and interpret Cpk.

17. Return to the orange juice producer in the Real Tools 
for Real Life example. Assume that for the tank-filling 
process, Cp = 1.9 and Cpk = 1.9. Explain in detail 
these Cp and Cpk values to your supervisor. Relate 
your answer to the truck tank being filled in the bulk 
storage area.

18. QRM, Inc. manufactures kitchen appliances. Before 
the appliance is painted, an electrostatic coating 
(E-coat) is applied to its surface. The coating lines 
coat a wide variety of products, from refrigerators and 
stoves to microwave ovens and cook-tops. Naturally, 
this mix of product means that production amounts 
vary daily. Line 1 is four years older than line 2, both 
are nearly identically equipped. The coating lines 
have been experiencing problems, including exces-
sive E-coating usage. To discuss the process easily, the 
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this hard-bake process is the flow width of the resist. 
In other words, the amount of resist expansion during 
baking is measured. For our process, the target dimen-
sion is 1.50 microns + /-  0.15. Calculate Cp and Cpk 
for the amount of resist expansion during baking. For 
the process under study, the average is 1.49 microns 
with an average range of 0.05, n = 4.

21. For the past 14 days, Bob’s Bakery has been track-
ing truck loading times. The trucks are expected to be 
loaded and ready to go in 25 minutes with a USL = 27 
and LSL = 23. Based on their samples, it takes an 
average of 24.7 minutes with a standard deviation of 
1 to load a truck. Calculate and interpret Cp and Cpk 
for this information.

22. A company making first aid cream carefully moni-
tors process performance. They measure the con-
centration of the active ingredient to make sure 
it falls within specifications. Calculate Pp and Ppk 
with the following information: USL = 0.050, LSL
= 0.040, X@bar = 0.045, s = 0.001

23. A company making electric motors tests the motors for rpm 
output. The USL = 1900 rpm, the LSL = 1700 rpm,
 X@bar = 1825, s = 25. Calculate Pp and Ppk.

24. A fire station measures response time to emergen-
cies in minutes. What are the Pp and Ppk values if 
USL = 10, LSL = 0, X@bar = 9, and s-0.4?

engineers involved in the study of the E-coat would 
like to use Cp and Cpk. The specifications that they are 
trying to meet are 15 + /-  2. For their process average 
of 15 mils thickness with a range of 1 mil (n = 3), 
calculate and interpret Cp and Cpk for this process.

19. Steering wheels in many vehicles are outfitted with an 
airbag and horn as well as switches for controlling 
radio volume, cruise control, and other devices. Con-
necting these devices and switches to a steering wheel 
requires excellent positioning control during assembly. 
For this reason, hole location is closely monitored in 
the X, Y, and Z directions. The Y-axis dimension tar-
get specification is 16.2 + /-  0.1. Recent sample data 
has an average of 16.242 with a standard deviation 
of 0.009, n = 3. Calculate and interpret Cp and Cpk.

20. When manufacturing semiconductors, photolithogra-
phy is an important step. During this process, a light-
sensitive photoresist material is applied to the silicon 
wafer. Next, the circuit pattern is exposed on the resist 
using a high-intensity UV light. Once the resist pattern 
is in place, the underlying material is removed in the 
developing process, by either wet chemical or plasma 
etching. Following this, a hard-bake process is per-
formed to increase resist adherence and etch resistance. 
An important timing issue in this process is the amount 
of time the circuit pattern on the resist is exposed to the 
high-intensity UV light. An important characteristic in 
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q➛ caSE Study 7.1 

Process Capability

part 1
Hop Scotch Drive-In Restaurant is considering a new 
marketing idea. At Hop Scotch, diners have the choice 
of dining inside or staying in their cars to eat. To serve 
those dining in their cars, carhops take the orders at the 
car and bring the food to the car when it’s ready. Many 
people want fast service when they pull into the drive-in 
restaurant, but they also want more than a drive-through 
restaurant can offer. To try to meet their customers’ expec-
tations, Hop Scotch Drive-In is proposing to promise to 
have a server at your car in two minutes or less after your 
arrival at their drive-in. Before making this promise, the 
owners of Hop Scotch want to see how long it takes their 
servers to reach the cars now. They have gathered the 
information in Table C7.1.1.

q➛ aSSigNmENt

Calculate the range for each of the subgroups containing 
five server times. Since the owners of Hop Scotch Drive-In 
are interested in the combined performance of their servers 

and not the performance of any particular server, the sub-
groups contain times from each server. Use these calculated 
values to determine the process capability and the Cp and 
Cpk values. How well is the process performing when com-
pared with the specifications of 2.0 min +0.0/-1.0?

part 2
Judging by the time measurements, it now takes longer 
to reach the cars than the proposed two minutes. Hop 
Scotch probably won’t be able to keep up with their ad-
vertisement of two minutes or less without some changes 
in the process. The process capability index is too low. 
The Cpk shows that the process is not centered around the 
center of the specification. In fact, the Cpk value tells us 
that the average for this distribution is outside the speci-
fications.

Management has decided to explain the proposed 
advertisement to their servers. They hope that by doing 
this, the servers will put more effort into getting to the 
cars in two minutes or less. Management carefully explains 
how moving faster to get to the cars will have a positive 
effect on increasing business because the customers will be 
happier with faster service. At first skeptical, the servers 
decide it might be possible to increase business by serving 
the customers faster. They agree to do their best to get to 
the cars as quickly as possible. The time measurements 
seen in Table C7.1.2 were made after the meeting with 
the servers.

Subgroup 
Number Server 1 Server 2 Server 3 Server 4 Server 5 Range

 1 2.5 2.4 2.3 2.5 2.1 0.4
 2 2.5 2.2 2.4 2.3 2.8 0.6
 3 2.4 2.5 2.7 2.5 2.5 0.3
 4 2.3 2.4 2.5 2.9 2.9 0.6

 5 2.3 2.6 2.4 2.7 2.2
 6 2.6 2.4 2.6 2.5 2.5
 7 2.7 2.6 2.4 2.4 2.5
 8 2.4 2.3 2.5 2.6 2.4

 9 2.5 2.2 2.3 2.4 2.7
10 2.4 2.4 2.3 2.7 2.4
11 2.5 2.4 2.5 2.5 2.3
12 2.4 2.3 2.4 2.2 2.1

13 2.5 2.5 2.4 2.5 2.7
14 2.5 2.4 2.3 2.3 2.6
15 2.4 2.3 2.3 2.4 2.8
16 2.6 2.7 2.4 2.6 2.9

17 2.0 2.3 2.2 2.7 2.5
18 2.2 2.4 2.1 2.9 2.6
19 2.3 2.5 2.6 2.4 2.3
20 2.3 2.5 2.6 2.6 2.5

tablE c7.1.1 Server-to-Car Times in Minutes
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q➛ aSSigNmENt

Use the new data in Table C7.1.2 to calculate the process 
capability, Cp, and Cpk. How is the process performing 
now?

part 3
Based on what they learned from the previous day’s study, 
the owners of Hop Scotch have decided to supply their 
servers with roller skates. The servers are obviously work-
ing very hard but are still unable to reach the cars quickly. 
Management hopes that after the servers become com-
fortable with their skates, they will be able to move faster 
around the restaurant parking lot. Table C7.1.3 shows the 
results of adding roller skates.

q➛ aSSigNmENt

Calculate the process capability, Cp, and Cpk. Are the roller 
skates a big help?

part 4
Without doubt, the roller skates have improved the over-
all performance of the servers dramatically. As an added 

bonus, the drive-in has become more popular because the 
customers really like seeing the servers skate. For some 
of them, it reminds them of cruising drive-ins in the fif-
ties; for others, they like to see the special skating skills 
of some of the servers. The servers seem very happy with 
the new skates. Several have said that their job is more 
fun now.

To make further improvements, the owners of Hop 
Scotch have decided to change how the servers serve cus-
tomers. In the past, each server was assigned a section of 
the parking lot. But now, observing the activities in the 
restaurant parking lot, the owners see that the lot does not 
fill up evenly; some sections fill up first, especially when a 
group comes in to be served all at once. This unevenness 
often overwhelms a particular server while another server 
has very few cars to wait on. Under the new program, serv-
ers will handle any area of the parking lot, serving cars on 
a first-come, first-served basis.

q➛ aSSigNmENt

Use the data in Table C7.1.4 to calculate the process capa-
bility, Cp, and Cpk. Do the new rules help?

Subgroup 
Number Server 1 Server 2 Server 3 Server 4 Server 5

 1 2.3 2.2 2.0 2.4 2.2
 2 2.2 2.1 2.0 2.2 2.3
 3 2.2 2.1 2.0 2.3 2.0
 4 2.0 2.3 2.3 2.2 2.1

 5 2.0 2.3 2.3 2.1 1.9
 6 2.2 2.5 2.2 2.3 2.1
 7 2.2 2.2 2.3 2.4 2.0
 8 2.4 2.6 2.4 2.5 2.2

 9 2.5 2.2 2.4 1.9 2.2
10 2.2 2.0 2.2 2.5 2.0
11 2.0 2.3 2.1 2.2 2.1
12 2.3 2.2 2.1 2.3 2.2

13 2.1 2.2 2.1 2.1 2.0
14 2.1 2.3 2.2 2.4 2.0
15 2.2 2.1 2.1 2.3 2.0
16 2.0 2.1 2.2 2.3 2.1

17 2.1 2.0 2.3 2.4 1.9
18 2.0 2.0 2.2 1.9 2.2
19 2.3 2.1 2.4 2.3 2.3
20 2.0 2.3 2.1 1.9 2.0

tablE c7.1.2 Server-to-Car Times in Minutes
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Subgroup 
Number Server 1 Server 2 Server 3 Server 4 Server 5

 1 1.9 1.9 2.0 2.0 1.9
 2 1.9 2.0 2.0 2.0 1.9
 3 1.9 2.0 1.9 1.9 2.0
 4 1.9 2.0 1.8 1.8 2.0

 5 2.0 2.1 2.1 2.0 2.0
 6 2.0 2.0 2.1 2.1 2.1
 7 2.0 1.8 1.9 2.0 2.0
 8 2.0 2.0 2.0 2.0 1.9

 9 2.0 2.0 1.9 1.8 1.9
10 1.9 1.8 1.9 1.8 1.7
11 1.8 1.8 1.8 1.7 1.6
12 1.9 1.7 1.7 1.8 1.7

13 1.7 1.7 1.7 1.6 1.6
14 1.8 1.6 1.6 1.6 1.6
15 1.9 1.9 1.8 1.9 1.8
16 1.8 1.8 2.0 2.0 1.9

17 1.5 1.6 1.6 1.6 1.9
18 1.6 1.5 1.6 1.8 1.7
19 1.4 1.6 1.7 1.8 1.8
20 1.8 1.8 1.9 1.7 1.7

tablE c7.1.3 Server-to-Car Times in Minutes

Subgroup  
Number Server 1 Server 2 Server 3 Server 4 Server 5

 1 1.1 1.1 1.0 1.1 1.1
 2 0.9 1.0 1.0 1.1 1.1
 3 1.0 1.0 1.0 1.0 1.2
 4 1.1 1.1 1.0 1.1 1.0

 5 0.7 0.9 0.8 0.9 0.8
 6 0.8 0.8 0.8 1.1 1.0
 7 0.9 1.0 1.0 1.0 0.8
 8 1.0 1.1 1.1 1.0 1.2

 9 0.8 0.9 0.8 0.8 0.9
10 0.8 0.7 0.8 0.7 0.7
11 0.8 0.8 0.8 0.9 1.0
12 0.8 0.9 0.8 0.8 0.9

13 0.7 0.7 0.7 0.7 0.7
14 0.7 0.7 0.7 0.8 0.9
15 0.9 0.9 0.9 1.0 0.9
16 0.9 0.9 0.8 1.0 1.0

17 0.9 0.9 0.9 0.9 0.9
18 0.7 0.8 0.7 0.8 0.7
19 0.5 0.6 0.5 0.7 0.6
20 0.6 0.7 0.6 0.7 0.6

tablE c7.1.4 Server-to-Car Times in Minutes
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256 Chapter SeVeN

Recently customers have been complaining about having 
difficulty securing the bracket closed with the bolt and lock 
washer. The bolts have been difficult to slide through the 
holes and then tighten. Assemblers complain of stripped 
bolts and snug fittings. Unsure of where the problem is, 
WP Inc.’s management assembled a team consisting of rep-
resentatives from process engineering, materials engineer-
ing, product design, and manufacturing.

Through the use of several cause-and-effect diagrams, 
the team determines that the most likely cause of the prob-
lems experienced by the customer is the alignment of the 
holes. At some stage in the formation process, the holes 
end up off center. To confirm their suspicions, during the 
next production run, the bending press operator takes 20 
subgroups of size 5 and measures the angle between the 
centers of the holes for each sample (Figure C7.2.3). The 
specification for the angle between insert hole A and insert 
hole B is 0.00° with a tolerance of {0.30°. The values 
recorded in Figure C7.2.3 represent the distance above (or 
when a minus sign is present, below) the nominal value 
of 0.00°.

q➛ aSSigNmENt

Follow the steps outlined in Chapter 6 and utilize the data 
to create a set of X and R charts. You will need to calculate 
the mean and range for each subgroup. Describe the per-
formance of the process. Using s = R/d2, calculate 6sn, Cp, 
and Cpk. Interpret the charts and these values. Do they 
tell you the same thing? Is the process capable of meeting 
specifications?

q➛ caSE Study 7.2 

Process improvement

This case is the fourth in a four-part series of cases in-
volving process improvement. The other cases are found 
at the end of Chapters 4, 5, and 6. Data and calculations 
for this case establish the foundation for the future cases; 
however, it is not necessary to have completed the cases in 
Chapters 4, 5, and 6 in order to complete and understand 
this case. Portions of the case in Chapter 6 are repeated 
here and must be completed in order to calculate process 
capability. Completing this case will provide insight into 
process capability and process improvement. The case can 
be worked by hand or with the software provided.

part 1
Figure C7.2.1 provides the details of a bracket assembly 
to hold a strut on an automobile in place. Welded to the 
auto body frame, the bracket cups the strut and secures it 
to the frame via a single bolt with a lock washer. Proper 
alignment is necessary for both smooth installation dur-
ing assembly and future performance. For mounting pur-
poses the left-side hole, A, must be aligned on center with 
the right-side hole, B. If the holes are centered directly 
opposite each other, in perfect alignment, then the angle 
between hole centers will measure 0°. As the flowchart in 
Figure C7.2.2 shows, the bracket is created by passing coils 
of flat steel through a series of progressive dies. As the steel 
moves through the press, the bracket is stamped, pierced, 
and finally bent into the appropriate shape.

FIguRE C7.2.1  Bracket

60 mm

20 mm45 mm

22 mm

28 mm

2 mm

6 
m

m

11
 m

m

10 mm10 mm A B
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q➛ aSSigNmENt

Utilize the data in Figure C7.2.4 to create another set of X 
and R charts. Has their change to the fixtures resulted in a 
process improvement? Using s = R/d2, calculate 6s, Cp, 
and Cpk. Interpret the charts and these values. Do they tell 
you the same thing? Is the process capable of meeting spec-
ifications? How do you know? Compare the calculations 
from Part 1 of this case with Part 2. Describe the changes. 
How are they doing when you compare their measure of 
performance, percentage of the parts out of specification, 
both before and after the fixture is changed?

part 2
Having X and R charts and the accompanying statistical 
information tells the team a lot about the hole alignment 
characteristics. Using the problem-solving method de-
scribed in Chapter 4 (and followed in Case Study 4.2), 
the team has determined that the fixture that holds the 
flat bracket in place during the bending operation needs 
to be replaced. One of the measures of performance that 
they created during Step 4 of their problem-solving pro-
cess is percentage of the parts out of specification. Now 
that the fixture has been replaced with a better one, the 
team would like to determine whether changing the fixture 
improved the process by removing a root cause of hole 
misalignment.

FIguRE C7.2.2  Flowchart of Bracket Fabrication Process

Uncoil
steel

Straighten
steel

Stamp/
pierce

flat
bracket

Bend

Heat treat

Delay

ShipPackQuality
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C H A P T E R
E I G H T

MAJOR TOPICS
 j Individual and Moving-Range Charts
 j Moving-Average and Moving-Range 
Charts

 j A Chart Plotting All Individual Values
 j Multi-Vari Analysis
 j Median and Range Charts
 j Run Charts
 j A Chart for Variable Subgroup Size
 j Precontrol Charts
 j Short-Run Charts
 j Summary
 j Lessons Learned
 j Formulas
 j Chapter Problems
 j Case Study 8.1 Precontrol
 j Case Study 8.2 Run Charts

OTHEr VarIablE COnTrOl CHarTs

X and R or s charts track the performance of processes 
that have long production runs or repeated services. 
What happens when there is an insufficient number 
of sample measurements to create a traditional X and 
R chart? How do statistical control ideas apply to new 
processes or short production runs? Can processes 
be tracked with other methods? What happens when 
only one sample is taken from a process? This chapter 
 covers the variety of different statistical charts that 
deal with situations where traditional X and R or s 
charts cannot be applied.

q➛ L E A R N I N G  O P P O R T U N I T I E S

1. To introduce a variety of control charts: charts for indi-
viduals, median charts, moving-average/moving-range 
charts, multi-vari analysis, and run charts

2. To introduce the concept of precontrol

3. To familiarize the student with short-run production 
charts

WhAT AbOUT ThE ShORT RUN?
Pengyou92/Fotolia
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Other Variable Control Charts      261

n = 2. The lower control limit for the R chart is equal to 
zero:

 UCLR = D4 * R
 = 3.27 * R

Interpreting individual and moving-range charts is simi-
lar to the interpretation of X and R charts, as presented in 
previous chapters. When studying the charts, look for trends, 
shifts, or changes in level that indicate patterns in the process. 
Study the range chart to determine the amount of variation 
present in the process. Look for cycles or patterns in the data. 
On both charts, the data should randomly flow back and 
forth across the centerline. Data should not be concentrated 
at either control limit, which would indicate a skewed dis-
tribution. (See Chapter 6 for a complete review of control 
chart interpretation. Once the process is considered in con-
trol, process capability can be determined using the methods 
discussed in Chapter 7.) As with traditional variables control 
charts, a large number of subgroups of sample size n = 1 
ensures that the distribution is approximately normal. Indi-
vidual and moving-range charts are more reliable when the 
number of subgroups taken exceeds 80.

Example 8.1 Creating and Interpreting Individual 
and Moving-Range Charts
The 05W is a windshield wiper system produced for use 
on automobiles. Recently, engineers have been study-
ing this wiper system to determine if significant variation 
exists in the wiper arms from the driver’s side (DS) to the 
passenger’s side (PS). One critical characteristic for good 
wiper blade performance is arm tip force, or the amount 
of force that the arm exerts on the blade to hold it to 
the windshield. This force is measured in Newtons with 
specifications of 9.17 { 2N. For the following informa-
tion, create, interpret, and compare charts for individuals 
and the moving range for each wiper arm.

For the Driver’s Side 
Step 1. Measure and Record Individual Values.  To 
construct individual (Xi) and moving-range charts, first 
measure the individual values (Xi) and record them 
( Table 8.1).

Step 2. Determine Centerline. To find the centerline for the 
process charts, sum the individual Xi values and divide by 
the total number of Xi readings:

 Xi =
aXi

m
=

8.94 + 8.81 + 8.81 + g + 8.62
25

 = 8.77

Scale the chart and place the centerline on it 
( Figure 8.1).

Step 3. Plot Individuals. Plot the individual Xi values on the 
chart (Figure 8.1).

Step 4. Determine Range Values. Calculate the range val-
ues for the data, comparing each measurement with the 
one preceding it (Table 8.1).

InDIVIDUal anD MOVInG-ranGE 
CHarTs
Charts for individuals with their accompanying moving-
range charts are often used when the data collection occurs 
either once a day or on a week-to-week or month-to-month 
basis. As their title suggests, individuals and moving range 
charts are created when the measurements are single values 
or when the number of products produced is too small to 
form traditional X and R charts.

To construct an individual values (Xi) and moving-
range chart, the individual Xi measurements are taken and 
plotted on the Xi chart. To find the centerline of the chart, 
the individual Xi values are summed and divided by the 
total number of Xi readings:

Xi =
aXi

m

Moving ranges are calculated by measuring the value-
to-value difference of the individual data. Two consecutive 
individual data-point values are compared and the mag-
nitude or absolute value of their difference is recorded on 
the moving-range chart. This reading is usually placed on 
the chart between the space on the R chart designated for 
a value and its preceding value. This shows the reader of 
the chart that the two individual values were compared 
to determine the range value. An alternative method of 
plotting R is to place the first R value in the space desig-
nated for the second reading, leaving the first space blank 
(Figure 8.1).

R, the centerline, is equal to the summation of the indi-
vidual R values divided by the total number of R’s calcu-
lated. The total number of R’s calculated will be 1 less than 
the total number of individual Xi values:

R =
aRi

m - 1

Once R has been determined, control limits for both charts 
are calculated by adding {3s to the centerline:

 UCLXi = Xi + 3s

 LCLXi = Xi - 3s

where

s =
R
d2

As with the control charts discussed in chapter 6, 
Dr.  Shewhart simplified control limit calculations by 
approximating {3s. By dividing 3 by the d2 value for 
n = 2, found in the table in Appendix 2, the formulas 
become

 UCLX = Xi + 2.66(R)

 LCLX = Xi - 2.66(R)

The upper control limit for the R chart is found by 
multiplying D4 by R. From Appendix 2, D4 = 3.27 when 
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Step 8. Create Chart. Record the centerline, control limits, 
and range values on the moving-range chart (Figure 8.1).

For the Passenger’s Side Repeating the same steps as tak-
en for the driver’s side information,

 Xi =
aXi

m
=

9.45 + 9.15 + 9.59 + g + 9.47
25

 = 9.5

 = 0.29

 UCLX = Xi + 2.66(R)
 = 9.5 + 2.66(0.29) = 10.27

 LCLX = Xi - 2.66(R)
 = 9.5 - 2.66(0.29) = 8.73

 UCLR = 3.27 * R = 3.27 * 0.29
 = 0.95

 LCLR = 0

Step 9. Interpret the Charts. For the driver’s side tip force, 
the average is 8.77, which is low given the target value of 
9.17. The average range is 0.21. The R chart shows very 
little consistency at first, including an out-of-control point. 
Midway through production, the range decreases and be-
comes more steady. There are no patterns on the chart for 
individuals.

For the passenger’s side tip force, the average is 9.50, 
which is high given the target value of 9.17. The average 
range is 0.29. The passenger’s side measurements do not 
exhibit any patterns on the range chart. The individuals 
chart for the passenger’s side tip force displays a run of 
7 points early in the chart at or below the centerline. Then 
the process centers around the mean until near the end 
of the chart.

When the engineers examined the individual data, 
they noted that a majority of the driver’s side measure-
ments are between the target value and the lower specifi-
cation limit. For the passenger’s side measurements, the 
opposite is true. The majority of the parts are between the 
target and the upper specification limit. This interesting 
information will help those designing the wiper systems to 
improve process performance. q➛

MOVInG-aVEraGE anD  
MOVInG-ranGE CHarTs
Rather than plot each individual reading, we can use 
 moving-average and moving-range charts to combine n 
number of individual values to create an average. When a 
new individual reading is taken, the oldest value forming 
the previous average is discarded. The new reading is com-
bined with the remaining values from the previous average 
and the newest value to form a new average, thus the term 
moving average. This average is plotted on the chart and 

 R =
aRi

m - 1
=

0.30 + 0.44 + 0.21 + 0.50 + g + 0.22
24

Step 5. Determine Average Range. Calculate the average of 
the range values using the following formula:

 R =
aRi

m - 1
=

0.13 + 0.0 + 0.01 + 0.22 + g + 0.01
24

 = 0.21

Note that R is calculated using m - 1, unlike the X cal-
culation which uses m. R is the centerline of the R chart.

Step 6. Determine Control Limits for X Chart. The control 
limits for the Xi chart for a sample size of two is calculated 
using the following formulas:

 UCLX = Xi + 2.66(R)
 = 8.77 + 2.66(0.21) = 9.33

 LCLX = Xi - 2.66(R)
 = 8.77 - 2.66(0.21) = 8.21

Record the control limits on the individual chart  
(Figure 8.1).

Step 7. Determine Control Limits for R Chart. Find the up-
per and lower control limits for the R chart using the fol-
lowing formulas:

 UCLR = 3.27 * R = 3.27 * 0.21
 = 0.69

 LCLR = 0

Driver’s Side Wiper Arm 
Tip Force  Individual 

Measures (N) Range

Passenger’s Side 
Wiper Arm Tip Force 

 Individual Measures (N) Range

8.94 0.13 9.45 0.30

8.81 0.00 9.15 0.44

8.81 0.01 9.59 0.21

8.80 0.22 9.80 0.50

8.58 0.42 9.30 0.30

9.00 0.26 9.00 0.46

8.74 0.45 9.46 0.04

9.19 0.79 9.50 0.00

8.40 0.50 9.50 0.14

8.90 0.01 9.36 0.04

8.91 0.02 9.40 0.30

8.89 0.37 9.70 0.35

8.52 0.36 9.35 0.54

8.88 0.01 9.89 0.40

8.87 0.11 9.49 0.21

8.76 0.34 9.70 0.30

8.42 0.16 9.40 0.10

8.58 0.24 9.50 0.24

8.82 0.08 9.26 0.79

8.74 0.05 10.05 0.34

8.69 0.22 9.71 0.38

8.91 0.09 9.33 0.16

8.82 0.19 9.49 0.20

8.63 0.01 9.69 0.22

8.62 9.47

TablE 8.1 Recorded Values in Newtons
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At the county waste processing facility, a specially designed 
L-shaped building is used as a central receiving location for waste 
from the entire county. On the public side, homeowners and small 
business customers drive through and drop off yard waste, remod-
eling debris, and harmful products for disposal. On the much larger 
commercial side, municipal garbage trucks drive in and dump (tip) 
their loads to the concrete floor. Workers on front-end loaders push 
the garbage to three rectangular holes in the floor, under which 
tractor trailers are positioned in subfloor tunnels. Next to the holes, 
tamping cranes equipped with heavy suspended weights compact 
the garbage in the trailers to maximize their capacity. Full trailers 
are driven to a landfill while the garbage trucks are freed to resume 
their neighborhood routes. The public side refuse is disposed of in 
a similar fashion but on a much smaller scale.

In the elbow of the L, a separate building houses the recycling 
center (RC). The RC contains an educational facility and offices 
of the recycling effort for the county. The buildings, though 
essentially separate, share a common wall with two large plate 
glass windows. In the classroom, these windows allow children 
to watch activities at the tipping station. Originally designed to 
be constructed out of concrete, financial pressures necessitated 
the construction of a metal building. Unfortunately, this metal 
structure doesn’t maintain positive pressure and allows ingress of 
smells, dust, and diesel fumes from the waste processing facility.

Though the access doors for trucks are left open year-round, 
since the entire operation takes place under roof in a confined 
space, workers at the facility are concerned about diesel exhaust 
exposure. The exhaust comes from multiple sources including the 
garbage and tractor trailer trucks, private vehicles, loaders, and 
tamping cranes. The workers voiced their concerns to manage-
ment who hired an industrial hygienist (IH) to test air quality and 
evaluate workers’ exposures.

To determine the extent of the diesel exhaust exposure, the IH 
collected personal exposure samples for a variety of jobs. Employ-
ees were grouped into categories based on the locations of the 
jobs they performed. As a baseline, outdoor air quality samples, 
Category Two, were taken.

Category One: Operations

Loaders

Crane operators

Traffic control: commercial (waste trucks)

Traffic control: public

Traffic control: tunnel

Category Two: Outdoor Air Quality baseline

Roof (0.0025)

Entrance (0.0028)

Fence line near freeway (0.0064)

Walkway (0.0036)

As of 2004, no official OSHA permissible exposure limit (PEL) 
for diesel fumes exposure exists. Often, OSHA will adopt the recom-
mended exposure limit of other recognized organizations. In this 
case, there are two limits to consider for diesel exhaust particu-
lates. The Mine Safety and Health Administration has set a limit 
of 0.16 mg/m3, enforceable in 2006. The second standard comes 
from the American Conference of Governmental Industrial Hygien-
ists (ACGIH) threshold limit value (TLV) for selected air particulates. 
In 2002, the ACGIH proposed a limit of 0.15 mg/m3 for diesel 
exhaust particulates. Proposed changes are debated by practitioners 
nationwide for a period of two years, and then are either accepted 
or rejected by the board. Interestingly enough, after only one year of 
debate, the diesel exhaust particulate standard was retracted. Test-
ing information showed that the proposed TLV of 0.15 mg/m3 would 
not be sufficiently protective. Eventually this standard was accepted.

Samples were collected at seven different times, 21 days 
apart: January 12, February 2, February 23, March 15, April 5, 
April 26, and May 17, (Figure 8.2). A control chart for individuals 
was constructed (Figure 8.3 a).

To calculate the limits:

 X =
aXi

M
=

1.16
7

= 0.166

 R =
aRi

M - 1
=

0.07
6

= 0.012

 UCLX = 0.166 + 2.66(0.012) = 0.198

 LCLX = 0.166 - 2.66(0.012) = 0.134

 UCLR = 3.27(0.012) = 0.039

Air Quality Monitoring Using Control Charts for 
Individuals

rEal TOOls for rEal lIFEq➛

FIGURE 8.2  Air Quality Data Values

Category One: Operators

Year 1 Particulate Moving Range

12-Jan 0.16

2-Feb 0.16 0

23-Feb 0.18 0.02

15-Mar 0.17 0.01

5-Apr 0.18 0.01

26-Apr 0.16 0.02

17-May 0.15 0.01

Year 2

07-Jun 0.05 0.1

28-Jun 0.04 0.01

19-Jul 0.04 0.01

9-Aug 0.09 0.05
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The individuals and moving-range chart shows that all of the 
indoor readings were much higher than those taken outdoors. After 
a study of the data and the site, recommendations were made 
to management concerning how to reduce the amount of diesel 
fumes in the air. Management implemented two recommendations:

 j Add ceiling fans, running continuously, to increase exhaust 
capability in ceiling to dilute the fumes.

 j Add ceramic filters to the exhaust train in loaders and tamping 
cranes to capture particulate matter and oxidize it to form car-
bon dioxide at high temperatures.

The changes were made in late Year 1.
Six months later, on June 7, June 28, July 19, and 

August 9, the IH revisited the sight to take samples in order 

FIGURE 8.3  Individual and Moving-Range Charts for Air Quality
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UCLX = 0.198

X = 0.166

LCLX = 0.134

0.039

UCLR = 0.012

to answer the question: Did the improvements made decrease 
the amount of diesel particulates in the air? These values were 
placed on the original control charts for individuals and moving 
ranges (Figures 8.3b).

As the control charts for individuals show, the investments 
made were worthwhile and workers at the facility benefited 
through significantly improved air quality. The particulate level in 
the air dropped dramatically. It is also interesting to note that in 
August, unknown to management, the individual who maintained 
the front-end loaders removed the ceramic filters. The magnitude 
of the August reading alerted management that something had 
changed. They were quick to refit the filters on the equipment 
because the charts clearly show the effectiveness of the 
ceramic filters.

q➛

the limits are calculated using the formulas for the X and R 
charts presented in chapter 6. Capability indices can also 
be calculated using the methods presented in chapter 7. 
The number of individual values grouped together to form 
a subgroup will be the size of n used to select the A2, D4, 
and D3 values.

By combining individual values produced over time, 
moving averages smooth out short-term variation and 
allow users to study the underlying trends in the data. For 

this reason, moving-average charts are frequently used for 
seasonal products. Moving averages, because of the nature 
of their construction, will always lag behind changes in 
the process, making them less sensitive to such changes. 
The larger the size of the moving subgroup, the less sen-
sitivity to change. To quickly detect process changes, use 
the individuals and moving-range combination of charts. 
Moving-average charts are best used when the process 
changes slowly.
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To calculate the limits associated with a moving- 
average and moving-range chart combination, they use 
the traditional X and R chart formulas:

 Centerline X = aXi

m
=

71,333 + 66,267 + g + 75,900
10

 = 61,132

 R =
aRi

m
=

7,000 + 11,200 + 12,900 + g + 17,000
10

 = 10,535

 UCLX = X + A2R

 = 61,132 + 1.023(10,535) = 71,909

 LCLX = X - A2R

 = 61,132 - 1.023(10,535) = 50,355

 UCLR = D4R

 = 2.574(10,535) = 27,117

 LCLR = D3R
 = 0

Figure 8.4 shows the completed chart. An investiga-
tion of the chart reveals that the sales of skis decreases 
dramatically from the winter months to the summer. Sales 
are fairly constant during the summer months, where the 
R chart exhibits very little variation. When sales begin to 
increase, there is a good deal of variation from month to 
month. Company sales appear to be strong, with sales later 
in the year increasing much more dramatically than they 
decreased in the earlier season. q➛

a CHarT PlOTTInG all 
InDIVIDUal ValUEs
Control charts that plot each individual value found in a 
subgroup (Figure 8.5), while cluttered looking, are useful 
when explaining the concept of variation. As discussed in 
chapters 6 and 7, the points plotted on an X chart are 
averages made up of individual values. The range chart 
accompanying the X chart gives the user an understanding 
of the spread of the data. Sometimes, however, a picture is 
worth a thousand words, or in this case, all the values read 
during a subgroup present a more representative picture 
than does a single point on the R chart.

On an individual values chart, the individual values 
from the subgroup are represented by a small mark. The 
average of those values is represented by a circle. If an 
individual value and the average are the same, the mark is 
placed inside the circle. By looking at a control chart that 
plots all of the individual readings from a subgroup, those 
using the chart can gain a clearer understanding of how 
the data are spreading with respect to the average value 
(Figure 8.5). In most circumstances, because of its cluttered 
appearance, this chart is reserved for training people on 
interpreting the values of R or s charts.

Example 8.2 Creating Moving-Average  
and Moving-Range Charts
A manufacturer of skis is interested in making moving-
average and moving-range charts of the sales figures for 
the past year (Table 8.2). Because of the seasonal nature 
of the business, they have decided to combine the indi-
vidual sales values for three months. This is the average 
to be plotted on the chart.

Their first step is to combine the values from  January, 
February, and March to obtain the first moving average. 
These values are compared and the lowest value is sub-
tracted from the highest value to generate the range asso-
ciated with the three points.

Combining these values, they find

January 75,000

February 71,000

March 68,000

 Moving average 1 =
75,000 + 71,000 + 68,000

3
= 71,333

 Moving range 1 = 75,000 - 68,000 = 7,000

These values are plotted on the chart. Subsequent values 
are found by dropping off the oldest measurement and 
replacing it with the next consecutive value. A new aver-
age and range are then calculated and plotted. Adding the 
month of April’s figures, they find

 April 59,800

 Moving average 2 =
71,000 + 68,000 + 59,800

3
= 66,267

 Moving range 2 = 71,000 - 59,800 = 11,200

Then May:
 May 55,100

 Moving average 3 =
68,000 + 59,800 + 55,100

3
= 60,967

 Moving range 3 = 68,000 - 55,100 = 12,900

and so on.

Year 1

January 75,000

February 71,000

March 68,000

April 59,800

May 55,100

June 54,000

July 50,750

August 50,200

September 55,000

October 67,000

November 76,700

December 84,000

TablE 8.2 Ski Sales for the Past Year
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for easy comparison of the variation present between sub-
groups or over time. Note that though the concept at first 
appears similar to the range chart, no control limits are 
present. The multi-vari chart cannot show whether the var-
iation present is excessive relative to the inherent variation 
in a process. Multi-vari charts should not be confused with 
the more complex multivariate control charts for measure-
ment data.

Example 8.3 Creating a Multi-Vari Chart
Managers at JRPS hold regular Monday morning meetings 
to discuss sales and production. At this meeting, one topic 
has been often discussed: shop scheduling. Shop sched-
uling is a key process critical to customer satisfaction.  
A well-scheduled shop means that product can be pro-
duced in time to meet customer due dates. It also means 
that the workload is realistic for employees. Unfortunately, 
the shop schedule has not been easy to arrange.

JRPS decided to make a multi-vari chart to depict 
the variation present in the sales process. A multi-vari 
chart will allow them to study within-month and between-
month variation. Each month, sales are tracked for the 
beginning of the month, mid-month, and end of the month 
(Figure 8.6). As the multi-vari chart in Figure 8.7 shows, 
significant variation exists throughout the month. Variation 
between months also exists, but is not as great. Interpret-
ing this chart and finding the reasons behind the variation 
may help improve shop scheduling.

MUlTI-VarI analYsIs
Multi-vari analysis is used to clarify and study the 
spread of individual measurements in a sample and the 
 variability due to three or more factors. The multi-vari 
chart was developed in the 1950s. Studying the variation 
present in a process is critical when trying to determine 
whether the items being made or the service being pro-
vided is consistent. These charts are useful when there is 
a relationship between the measured values, for instance, 
of the surface finish throughout a part. In reality, vari-
ation between the measurements will exist. chapters 6 
and 8 present X and R charts that work together to 
track variation over time. Multi-vari analysis is used 
for smaller, point-in-time studies of variation. Because 
multi-vari analysis cannot judge if a process is under 
control, these calculations cannot be used for process 
capability calculations.

Creating a multi-vari chart is straightforward. Samples 
are taken and measured. The greatest and least sample val-
ues are plotted vertically with subgroup numbers on the x 
axis and the values of the sample measures on the y axis. 
This results in a stacked set of measures through which a 
vertical line is drawn (see Figure 8.7). Specification limits 
are placed on the chart. Three types of variation can be 
seen: piece-to-piece, between subgroups, and time-to-time. 
Users of the diagram can see the spread of the values in the 
subgroup. Less variation is preferred because it means that 
the values are similar to each other. The chart also allows 

FIGURE 8.5  Control Chart Plotting All Individual Values
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customers with more consistent demand. This will help 
stabilize the production environment. q➛

MEDIan anD ranGE CHarTs
When a median chart is used, the median of the data is 
calculated and charted rather than the value for the aver-
age. Just like variables control charts, median charts can 
be used to study the variation of process, although ease 
of calculation is a trade-off with some loss of sensitivity. 
Constructed and interpreted in a manner similar to X and 
R charts, median and range charts are created through the 
following steps:

Step 1. Calculate and record the sample measurements.

Step 2. Arrange the sample measurements in each 
subgroup in order from highest to lowest.

Step 3. Calculate the median and the range for each 
subgroup.

Step 4. To find the centerline of the median chart, 
calculate the average of the subgroup medians.

Step 5. To find the centerline of the range chart, 
calculate the average of the subgroup ranges.

Step 6. The control limits of the median and range 
charts are determined by the following formulas and 
the values shown in Table 8.3 and Appendix 2:

 UCLMd = XMd + A6RMd

 LCLMd = XMd - A6RMd

 UCLR = D4RMd

 LCLR = D3RMd

Step 7. Record the median and range values on their 
appropriate charts.

Step 8. Interpret the chart using the information 
presented in Chapters 6 and 7. Patterns, trends, shifts, or 
points beyond the control limits should be investigated. 
The R chart will reveal the spread of the variation in 
the process, and the median chart will show the average 
median of the process.

Previous run charts tracking sales used only total sales 
for the month. Using a monthly sales total overlooked the 
challenges faced by the scheduler. Months with significant 
variation in sales are notoriously difficult to schedule. If 
a month exhibits a lot of variability, high demand results 
in a schedule requiring overtime or Saturday work. When 
demand is low, it is hard to find work to keep the machin-
ists busy.

Based on what they learned from their multi-vari 
chart, they studied their customer base. The breakdown 
of their 35 regular customers showed that 10 key cus-
tomers provided 80 percent of sales. Of these 10, two 
customers experience significant monthly fluctuations in 
orders. Three others experience seasonal fluctuations. The 
remaining 25 impart little overall variation due to the small 
size of their orders.

In this instance, the multi-vari analysis encouraged 
further investigation into the data. Having studied the situ-
ation, JRPS management made some changes. With their 
“grow the business” philosophy, JRPS has always been 
interested in increasing sales. To help reduce the within-
month and between-month variation they discovered in 
the multi-vari chart, they plan to focus on finding new 

FIGURE 8.6  Example 8.3 Monthly Sales Data

Beginning Middle End

January 325,000 400,000 590,000

February 410,000 610,000 650,000

March 450,000 500,000 700,000

April 415,000 525,000 600,000

May 500,000 625,000 650,000

June 400,000 450,000 500,000

July 700,000 650,000 500,000

August 610,000 600,000 430,000

September 650,000 655,000 725,000

October 400,000 610,000 650,000

November 550,000 650,000 720,000

FIGURE 8.7  Example 8.3 Multi-Vari Chart
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Step 4. Determine Subgroup Median Averages. The average 
of the subgroup medians is calculated to find the center-
line of the median chart. This value is placed on the chart 
(Figure 8.8).

Medians of the subgroups

 XMd =
0.0059 + 0.0057 + 0.0057 + g + 0.0058

12
 XMd = 0.0056

Step 5. Determine Subgroup Range Averages. To find the 
centerline of the range chart, WP calculates the average 
of the subgroup ranges and places this value on the chart 
(Figure 8.8):

Subgroup ranges

 RMd =
0.0007 + 0.0006 + 0.0006 + . . . + 0.0002

12
 RMd = 0.0003

Step 6. Calculate Control Limits. They determine the con-
trol limits of the median chart using the following formulas 
and the values in Table 8.3 and Appendix 2:

 UCLMd = XMd + A6RMd

 = 0.0056 + 1.19(0.0003) = 0.0060

 LCLMd = XMd - A6RMd

 = 0.0056 - 1.19(0.0003) = 0.0052

 UCLR = D4RMd

 = 2.574(0.0003) = 0.0008

 LCLR = D3RMd

 = 0(0.0003) = 0

where D3 and D4 are found in Appendix 2 using n = 3.

Step 7. Record Values. They record the median and range 
values on their appropriate charts (Figure 8.8).

Step 8. In this example, the median chart contains a 
point that is out of control. The R chart also should be 
watched to see if the run of points below the centerline  
continues. q➛

Example 8.4 Creating a Median Chart I
WP Corporation produces surgical instruments. After one 
particular instrument is stamped, a channel is machined 
into the part. Because of this channel, part thickness plays 
an important role in the quality of the finished product. 
Since die roll can effectively reduce part thickness, it is 
a key quality characteristic to monitor after the stamp-
ing operation. (“Die roll” is a by-product of the stamping 
process and refers to the feathered edge created by the 
downward force used to shear the metal.) To monitor the 
amount of die roll on the stamped part, WP has decided 
to use a median chart.

Step 1. Calculate and Record Measurements. Using a sam-
ple size of three, the sample measurements are taken and 
recorded (Table 8.4).

Step 2. Arrange Measurements. To create the median chart, 
the sample measurements for each subgroup are arranged 
in order from highest to lowest (Table 8.5).

Step 3. Calculate Median and Range Values. The median 
and range for each subgroup are calculated (Table 8.5).

n A6

2 1.88

3 1.19

4 0.80

5 0.69

6 0.55

7 0.51

TablE 8.3  Values of A 6 Used in Median  
Charts Constructed with  
Averages of Subgroup  
Medians Subgroups

1 2 3 4 5 6

0.0059 0.0060 0.0058 0.0054 0.0059 0.0060

 Median 0.0059 0.0057 0.0057 0.0054 0.0058 0.0056

0.0052 0.0054 0.0052 0.0054 0.0057 0.0055

Range 0.0007 0.0006 0.0006 0.0000 0.0002 0.0004

7 8 9 10 11 12

0.0052 0.0057 0.0060 0.0056 0.0058 0.0059

 Median 0.0051 0.0055 0.0059 0.0055 0.0057 0.0058

0.0046 0.0054 0.0058 0.0054 0.0057 0.0057

Range 0.0006 0.0003 0.0002 0.0002 0.0001 0.0002

TablE 8.5  Recorded Values Arranged in Order: 
Die Roll Measurements in Inches

Subgroups

1 2 3 4 5 6

0.0059 0.0054 0.0052 0.0054 0.0059 0.0060

0.0059 0.0060 0.0058 0.0054 0.0058 0.0055

0.0052 0.0057 0.0057 0.0054 0.0057 0.0056

7 8 9 10 11 12

0.0052 0.0057 0.0058 0.0056 0.0058 0.0059

0.0051 0.0055 0.0059 0.0055 0.0057 0.0057

0.0046 0.0054 0.0060 0.0054 0.0057 0.0058

TablE 8.4  Recorded Values: Die Roll 
 Measurements in Inches
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Subgroup Size A5 D5 D6 d3

2 2.224 0 3.865 0.954

3 1.265 0 2.745 1.588

4 0.829 0 2.375 1.978

5 0.712 0 2.179 2.257

6 0.562 0 2.055 2.472

7 0.520 0.078 1.967 2.645

TablE 8.6  Median Chart Values A5, D5, D6, and 
d3 Used in Median-Chart Construction 
with Median of Medians

An alternative to using the average of the subgroup 
medians for the centerline of the median chart is to use the 
median of the subgroup medians. The centerline for the 
range chart is the median range. The chart creation process 
and formulas are modified as follows:

Step 1. Record the sample measurements on the 
control-chart form.

Step 2. Calculate the median and the range for each 
subgroup.

Step 3. Calculate the median of the subgroup medians. 
This will be the centerline of the median chart.

Step 4. Calculate the median of the subgroup ranges. 
This will be the centerline of the range chart.

Step 5. The control limits of the median and range 
charts are determined from the following formulas and 
the values in Table 8.6:

 UCLMd = MdMd + A5RMd

 LCLMd = MdMd - A5RMd

 UCLR = D6RMd

 LCLR = D5RMd

Step 6. Record the median and range values on their 
appropriate charts.

Step 7. Interpret the chart using the information 
presented in Chapters 5 and 6.

Example 8.5 Creating a Median Chart II
Rework Example 8.4 for WP Corporation’s surgical instru-
ments using the second method for creating median 
charts.

1. With a sample size of three, the sample measurements 
are taken and recorded (Table 8.4).

2. To create the median chart for each subgroup, the 
sample measurements are arranged in order from 
highest to lowest (Table 8.5).

3. To find the centerline of the median chart, the median 
of the subgroup medians is calculated and this value is 
placed on the chart (Figure 8.9).

Medians of the subgroups:

0.0059 0.0057 0.0057 0.0054 0.0058 0.0056
0.0051 0.0055 0.0059 0.0055 0.0057 0.0058

Arranged in order from highest to lowest:

0.0059 0.0059 0.0058 0.0058 0.0057 0.0057
0.0057 0.0056 0.0055 0.0055 0.0054 0.0051

MdMd = 0.0057

4. To find the centerline of the range chart, the median 
of the subgroup ranges is calculated and this value is 
placed on the chart (Figure 8.9):

Subgroup ranges in order from highest to lowest:

0.0007 0.0006 0.0006 0.0006 0.0004 0.0003
0.0002 0.0002 0.0002 0.0002 0.0001 0.0000

RMd = 0.00025

5. The control limits of the median chart are determined 
using the following formulas and the values in  
Table 8.6:

 UCLMd = MdMd + A5RMd

 = 0.0057 + 1.265(0.00025) = 0.0060

 LCLMd = MdMd - A5RMd

 = 0.0057 - 1.265(0.00025) = 0.0054

 UCLR = D6RMd

 = 2.745(0.00025) = 0.0007

 LCLR = D5RMd

 = 0(0.00025) = 0

6. The median and range values are recorded on their 
appropriate charts (Figure 8.9).

7. The chart is interpreted using the information presented 
in Chapters 5 and 6. The median chart contains a 
single point below the lower control limit. The range 
chart displays a slight upward trend in the center of the 
chart. Both charts will be watched to see if anything of 
interest develops. q➛

rUn CHarTs
Run charts can be used to monitor process changes asso-
ciated with a particular characteristic over time. Run 
charts are versatile and can be constructed with data 
consisting of either variables or attributes. These data 
can be gathered in many forms, including individual 
measurements, counts, or subgroup averages. Time is 
displayed on the x axis of the chart; the value of the 
variable or attribute being investigated is recorded on the 
y axis. Cycles, trends, runs, and other patterns are easily 
spotted on a run chart. As Figure 8.10 shows, financial 
performance over time is often displayed in the form of 
a run chart.

A run chart is created in five steps:

Step 1. Determine the time increments necessary to 
properly study the process. These may be based on the 
rate at which the product is produced, on how often 
an event occurs, or according to any other time frame 
associated with the process under study. Mark these 
time increments on the x axis of the chart.

Step 2. Scale the y axis to reflect the values that the 
measurements or attributes data will take.
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Other Variable Control Charts      275

include accident history, traffic volume, average speed 
of motorists, access points, and the width of the shoul-
der and roadway.

Part of the study includes creating and studying run 
charts of the accident history:

1. Determine the time increments necessary to study the 
process properly. Under their current system, the city 
combines and reports accident information in January, 
May, and December. Information is available for the 
past four years. Time increments based on these 
months were marked on the x axis of the chart.

2. The y axis is scaled to reflect the number of accidents 
occurring each month.

3. The data were collected (Figure 8.11).
4. The data were recorded on the chart (Figure 8.12).
5. The chart, when interpreted, showed that accidents 

have definitely been increasing over the past four years. 
This will be very useful information when the state tries 
to determine whether to lower the speed limit. q➛

a CHarT FOr VarIablE 
sUbGrOUP sIZE
Traditional variables control charts are created using a 
constant subgroup sample size. There are rare occurrences 
when, in the process of gathering data, the subgroup size 
varies. When this occurs it is necessary to recalculate the 
control limits to reflect the change in the A2, D4, and D3 
values caused by the different number of samples taken. 
For example, for a subgroup size n = 5, the A2 value 
is 0.577; if n were to equal 3, then the A2 value would 
be 1.023. Each subgroup with a different sample size 
will have its own control limits plotted on the chart, as 
shown in Figure 8.13. As discussed in previous chapters, 
as the subgroup size increases, the control limits will 
come closer to the centerline. The numerous calculations 
required with changing subgroup sizes limit the usefulness 
of this chart.

Step 3. Collect the data.

Step 4. Record the data on the chart as they occur.

Step 5. Interpret the chart. Since there are no control 
limits, the interpretation of a run chart is limited to 
looking for patterns in the data. A point that appears 
to be high or low cannot be judged as a special cause 
without control limits. It may be the worst data point 
in a series of points but that does not equate with being 
out of control.

Example 8.6 Using Run Charts in Decision 
Making
A U.S. state highway route through a small town has 
had an increase in traffic accidents in recent years. The 
city manager has decided to do a traffic study to sup-
port the reduction of the speed limit, in hopes of reduc-
ing the number of traffic accidents. The study will cost 
approximately $2,000. Upon completion, the study will 
be turned over to the state’s Department of Transporta-
tion. Factors that weigh into studying the speed limit 

FIGURE 8.11  Accident History by Reported Month and 
Year

January Year 1 10

May Year 1 15

December Year 1 10

January Year 2 23

May Year 2 26

December Year 2 22

January Year 3 30

May Year 3 25

December Year 3 30

January Year 4 35

May Year 4 38

December Year 4 36

FIGURE 8.12  Run Chart—Accident History
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 b. Determine the center of the specification; this becomes 
the centerline on the chart.

 c. Create the zones by finding the center of area between 
the specification limits and the center of the tolerance. 
To do this, subtract the centerline from the upper 
specification limit, divide this value in half, and add 
the result to the centerline.

 d. To divide the lower half of the precontrol chart, sub-
tract the lower specification limit from the centerline, 
divide this value in half, and subtract the result from 
the centerline.

These steps create four equal zones, as shown in Figure 
8.14. The center two zones, one above and one below 
the centerline, are combined to create the green, or 
“go,” section of the chart. The green zone centers on the 
process average and is the most desirable location for 
the measurements. The two sections nearest the upper or 
lower specification limit are colored yellow for caution. 
Part measurements in this area are farther away from 
the target value and approach the specification limits 
and are thus less desirable. The areas above and below 
the upper and lower specification limits, respectively, 
are colored in red. Points falling in these zones are 

PrECOnTrOl CHarTs
Precontrol concepts were first introduced by Frank Sather-
waite at Rath and Strong, a consulting firm, in the 1950s. 
Precontrol charts study and compare product produced 
with tolerance limits. The underlying assumption associ-
ated with applying precontrol concepts to a process is that 
the process is capable of meeting the specifications. Pre-
control charts do not use control limits calculated from 
the data gathered from the process; the limits are created 
using specifications. This reliance on specifications or tol-
erances can result in charts that generate more false alarms 
or missed signals than a control chart does. Still, precontrol 
charts are simple to set up and run. They can be used with 
either variables or attribute data. They are particularly 
useful during setup operations and can help determine if 
the process setup is producing product centered within the 
tolerances. Precontrol charts can also be used to monitor 
very short production runs. Like control charts, precon-
trol charts can identify if the process center has shifted; 
they can also indicate an increase in the spread of the pro-
cess. Precontrol charts are not as powerful as traditional 
control charts. They reveal little about the actual process 
performance. Unlike control charts, they cannot be used 
for problem solving, nor can they be used for calculating 
process capability.

Keeping in mind the differences between the spread 
of the individuals versus the spread of the averages, some 
users of precontrol charts recommend using only a portion 
of the tolerance spread to ensure that the product produced 
will be within specification. How much of the tolerance to 
use depends on the process capability desired. If the process 
capability index is expected to be 1.2, then 100 percent 
divided by 120 percent, or 83 percent, of the tolerance 
should be used. Similarly, if the process capability index 
is expected to be 1.15, then 0.85 should be multiplied by 
the tolerance spread. A process capability index of 1.10 
requires that 90 percent of the tolerance be used.

Creating a precontrol chart is a three-step process:

Step 1. Create the zones.
 a. Place the upper and lower specification limits on the 

chart.

FIGURE 8.13  Variables Control Chart for Variable Subgroup Size

PART NAME (PRODUCT)

n 3 5 4 5 5 6 5 4 4 5 3 4

A
v
e
r
a
g
e
s

FIGURE 8.14  Precontrol Chart Showing Zones

Upper specification

Lower specification

Nominal

Red Zone

Yellow Zone

Green Zone

Green Zone

Yellow Zone

Red Zone
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the plant in coils, which are straightened before being 
stamped. During the setup of the straightening machine, 
the setup operator uses a precontrol chart to ensure that 
the setup operation has been performed properly. The 
designer has set the specifications as 0.0000 to 0.0150 
inch in every four inches of uncoiled steel. The operator 
uses the following steps.

Step 1. Create the Zones. The upper and lower specification 
limits to be placed on the chart are 0.0000 and 0.0150. 
From this the operator is able to determine the center of 
the specification, 0.0075, which is the centerline of the 
chart. After placing the specifications and centerline on the 
chart (Figure 8.15), the operator creates the zones by find-
ing the center of the area between the specification limits 
and the centerline. He divides the upper half of the pre-
control chart:

 0.0150 - 0.0075 = 0.0075

 0.0075 , 2 = 0.00375

 0.0075 + 0.00375 = 0.01125

He then divides the lower half of the precontrol chart:

 0.0075 - 0.0000 = 0.0075

 0.0075 , 2 = 0.00375

 0.0000 + 0.00375 = 0.00375

He thus creates four equal zones and labels them as shown 
in Figure 8.17.

Step 2. Take Measurements and Apply the Setup Rules. 
Next the operator sets up the job, measures the coil as it is 
straightened, and records the measurements (Figure 8.16). 
As the first pieces are straightened, the operator uses the 
setup rules (Table 8.7) to monitor and adjust the machine 
as necessary.

For this example, as the consecutive measurements are 
placed on the precontrol chart (Figure 8.17), the follow-
ing scenario unfolds. The first measurement of flatness is 
0.0110, which is inside the green, or “run,” zone of the 
precontrol chart. The second measurement is 0.0141, 

undesirable. If the measurement falls in the red zones, 
the process should be stopped and adjusted.

Step 2. Take measurements and apply setup rules. Once 
the zones are established, measurements are plotted on 
the precontrol chart without further calculations. Set 
up the job and, beginning with the first piece, measure 
each piece as it is produced. Record the consecutive 
measurements on the chart. Use the setup rules described 
below and shown in Table 8.7 to monitor and adjust the 
process as necessary.
 a. If the measured pieces are in the green zone, continue 

running.
 b. If one piece is inside the specification limits, but out-

side the green limits, check the next piece.
 c. If the second piece is also outside the green limits, but 

still inside the specification limits, reset the process.
 d. If a piece is found to be outside the specification limits, 

stop, make corrections, and reset the process.
 e. If two successive pieces fall outside the green zone, one 

on the high side and one on the low side, those operat-
ing the process must immediately take steps to reduce 
the variation in the process.

 f. Whenever a process or machine is reset, five succes-
sive pieces inside the green zone must occur before the 
operator implements any type of sampling plan.

Step 3. Apply the precontrol sampling plan. When five 
pieces in a row fall in the green zone, begin running the 
job. Use the run rules (Table 8.8), randomly sampling 
two pieces at intervals, to monitor the process. The two 
consecutive pieces must be selected randomly, yet with 
enough frequency to be representative of the process. 
Sampling may be based on time intervals—for instance, 
sampling two parts every 15 minutes. Some users of 
precontrol charts suggest sampling a minimum of 25 
pairs between setups.

If the machine is reset for any reason, the precontrol 
setup rules should again be used to set up the process.

Example 8.7 Creating a Precontrol Chart
At WP Corporation, which manufactures surgical instru-
ments, parts are stamped from steel that arrives at 

Behavior of Chart Action to Be Taken

Point in Green Zone Continue

Point in Yellow Zone Check Another Piece

Two Points in a Row in Same 
Yellow Zone

Adjust the Process Average

Two Points in a Row in Opposite 
Yellow Zones

Stop and Adjust Process to 
Remove Variation

Point in Red Zone Stop and Adjust Process to 
Remove Variation

TablE 8.7 Summary of Precontrol Setup Rules

Behavior of Chart Action to Be Taken

Both Points in Green Zone Continue

One Point in Yellow Zone and 
One in Green Zone

Continue

Two Points in Same Yellow 
Zone

Adjust the Process Average

Two Points in Opposite Yellow 
Zones

Stop and Adjust Process to 
Remove Variation

Point in Red Zone Stop and Adjust Process to 
Remove Variation; Begin Again at 
Precontrol Setup Rules

TablE 8.8 Summary of Precontrol Run Rules
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FIGURE 8.15  Precontrol Chart Showing Zones

USL = 0.0150

0.01125

Nominal = 0.0075

0.00375

LSL = 0.0000

Red

Yellow

Green

Green

Yellow

Red

which is in the yellow zone. According to the rules, the next 
measurement must be taken: 0.0132. Since this measure-
ment and the last one are both in the yellow zone, the pro-
cess must be adjusted.

After making the adjustment, the operator takes another 
measurement: 0.0210. This value is in the red zone and 
unacceptable. The adjustment the operator made to the 
straightener has not worked out. Once again he must adjust 
the machine. The next reading is 0.0111, which is in the 
green zone so no further adjustments are needed. The next 
four pieces—0.0090, 0.0083, 0.0065, 0.0071—are also 

in the green zone. Since five measurements in a row are 
in the green zone, the machine is now ready to run, and 
sampling can begin.

Step 3. Apply the Precontrol Sampling Plan. Having com-
pleted the setup and produced five pieces in a row in the 
green zone, the operator begins running the job. Using the 
run decision rules (Table 8.8), he randomly samples two 
pieces at intervals to monitor the process. The sampling 
plan for this process calls for taking two measurements 
every 10 minutes.

If the sets of measurements are in the green zone, the 
straightener should continue to run. In this instance, 
the first three sets of data—0.0082, 0.0064; 0.0080, 
0.0073; 0.0075, 0.0068—are all within the green zone 
(Figure 8.17). Trouble begins to occur in the fourth sub-
group—0.0124, 0.0110. The first measurement is in the 
yellow zone, signaling a change in the process; the sec-
ond measurement is in the green zone, so no adjustment 
is made at this time. The next set of readings—0.0131, 
0.0140—confirms that the process has shifted. Both of 
these measurements are in the yellow zone. At this point 
the operator must adjust the process. After any changes are 
made to the process, monitoring must begin again with the 
precontrol setup rules. q➛

sHOrT-rUn CHarTs
Traditional variables control charts used in statistical pro-
cess control work most effectively with long, continuous 
production runs. But in today’s competitive environment, 
manufacturers find it more economical to switch from one 
product to another as needed. As the production runs get 
shorter and the number of products produced during each 
run decreases, applying traditional variables control charts 
becomes more difficult. Short-run charts have been devel-
oped to support statistical process control in this new pro-
duction environment. Just as with X-bar, R, and s charts, 
the central limit theorem supports short-run control charts. 
All other charts should be tested for normality.

Several different methods have been developed to 
monitor shorter production runs. One possibility, study-
ing the first and last pieces of the run, does not tell the 
investigator anything about the parts produced in between. 
Another method, 100 percent inspection, is costly and time 
consuming and can be inaccurate. Traditional variables 
control charts, with separate charts for each part number 
and each different run of each part number, can be used. 
This creates an abundance of charts, yet very little informa-
tion. Usually there is not enough information from a single 
run to calculate the control limits. The separate charts do 
not allow investigators to see time-related changes in the 
process associated with the equipment.

Unlike traditional control charts, which only have one 
part number per chart, short-run charts include multiple 
part numbers on the same chart. Because they display mul-
tiple part numbers, short-run control charts enable users 
to view the impact of variation on both the process and 

FIGURE 8.16  Recorded Values: Flatness

Setup Measurements

0.0110

0.0141

0.0132

0.0210

0.0111

0.0090

0.0083

0.0065

0.0071

Run Measurements (2 taken every 10 min)

0.0082

0.0064

0.0080

0.0073

0.0075

0.0068

0.0124

0.0110

0.0131

0.0140
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Use the following steps to create a nominal X and R 
chart:

Step 1. Determine which parts will be monitored 
with the same control chart. Pay careful attention 
to select parts made by the same operator using the 
same machine, methods, materials, and measurement 
techniques.

Step 2. Determine the nominal specification for each 
part number.

Step 3. Begin the chart by collecting the data. The 
subgroup sample size should be the same for all part 
numbers.

Step 4. Once the measurements have been taken, 
subtract the nominal value for the appropriate part 
number from the measurements. X is then calculated 
for each subgroup.

Step 5. Plot the coded average measurements, X’s, from 
Step 4 on the chart. The coded values will show the 
difference between the nominal dimension, represented by 
a zero on the control chart, and the average measurement.

Step 6. Continue to calculate, code, and plot measurements 
for the entire run of this particular part number.

Step 7. When another part number is to be run, repeat 
the above steps and plot the points on the chart.

the part numbers. This focus on the process actually aids 
improvement efforts because the effects of changes can be 
seen as they relate to different part numbers.

Nominal X and R Charts
When creating a short-run control chart, the data are 
coded so that all the data, regardless of the part number, 
are scaled to a common denominator. This creates a com-
mon distribution and set of control limits. The nominal X 
and R charts use coded measurements based on the nomi-
nal print dimension. For example, if the print dimension is 
3.750 { 0.005, then the nominal dimension used for cod-
ing purposes is 3.750. Coding the measurements allows all 
part numbers produced by a given process to be plotted on 
the same chart. Because all products produced on a single 
machine are plotted on the same chart, the nominal X and 
R chart combination shows process centering and process 
spread. A critical assumption associated with this chart 
is that the process variation, as seen on the range chart, 
is similar for each of the part numbers being graphed on 
the charts. To ensure this, the chart should be constructed 
using parts from the same operator, machine, material, 
methods, and measurement techniques. If the process vari-
ation of a particular part number is more than 1.3 times 
greater than the total R calculated, then it must be charted 
on a separate control chart.

FIGURE 8.17  Completed Precontrol Chart

USL = 0.0150
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3. They now collect the data. The sample size n is 3. Table 
8.9 contains the data for the hand pruner samples.

4. They subtract the nominal value for the appropriate 
part number from the measurements (Table 8.9). X1 is 
calculated by adding 4, -1, and -2, and dividing by 3.

X1 =
4 + (-1) + (-2)

3
= 0.33

5. They plot the coded average measurements from Step 
4 on the chart (Figure 8.18).

6. They then continue to calculate, code, and plot 
measurements for the entire run of the hand pruner 
shears.

7. Repeating the above steps, they add lopping shears 
(Table 8.10) and pruning shears (Table 8.11) to the 
chart.

8. Now that 20 subgroups have been plotted for the three 
types of pruners, they calculate the control limits with 
the modified version of the traditional X and R chart 
formulas:

Nominal X chart

 Centerline =
a  coded X

m

 =
0.33 + 6.33 + g + 10 + 7 + g + 1.67

20

 =
86.67

20
= 4.33

Step 8. When 20 subgroups have been plotted from 
any combination of parts, the control limits can be 
calculated with a modified version of the traditional 
variables control chart formulas:

Nominal X chart

 Centerline =
a  coded X

m

 UCLX = centerline + A2R

 LCLX = centerline - A2R

Nominal range chart

 R =
aRi

m

 UCLR = D4R

 LCLR = D3R

Step 9. Draw the centerlines and control limits on the 
chart.

Step 10. Interpret the chart.

Example 8.8 Creating a Nominal X and R Chart
The Special Garden Tools Corporation has created a variety 
of garden tools designed using ergonomic (human factors) 
concepts. One of their product lines, pruning shears, offers 
three different sizes. A user will choose the size accord-
ing to the operation the shears will perform. The smallest 
tool is used for light pruning; the largest tool is used for 
larger jobs, such as pruning tree limbs. All the pruners 
are handheld and are designed so as not to place undue 
force requirements on the user’s hands. To ensure this, the 
shears undergo a clasping force test before being shipped 
to retail outlets for sale to customers. This inspection tests 
the amount of force it takes to close the tool during typi-
cal operations. Since this is a just-in-time operation, the 
production runs tend to be small. Management wants to 
create a nominal X and R chart that contains information 
from three different runs of pruning shears.

1. Those monitoring the process have determined that 
measurements from three parts will be recorded on the 
same chart. Careful attention has been paid to ensure 
that the parts have been made using the same machine, 
methods, materials, and measurement techniques.

2. They determine the nominal specification for each part 
number:

 j Hand pruners, the smallest shears, have a force speci-
fication of 300 { 20 N.

 j Pruning shears, the midsized shears, have a force 
specification of 400 { 30 N.

 j Lopping shears, the heavy-duty shears, have a force 
specification of 500 { 40 N.

Part Nominal Difference Xi

304 300 4

1 299 300 -1 0.33

298 300 -2

306 300 6

2 308 300 8 6.33

305 300 5

300 300 0

3 298 300 -2 0.33

303 300 3

306 300 6

4 300 300 0 4.33

307 300 7

305 300 5

5 301 300 1 0.33

295 300 -5

298 300 -2

6 306 300 6 2.00

302 300 2

304 300 4

7 301 300 1 0.67

297 300 -3

TablE 8.9  Recorded Values and Differences: 
Hand Pruners
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 UCLX = centerline + A2R
 = 4.33 + 1.023(5.55) = 10

 LCLX = centerline - A2R
 = 4.33 - 1.023(5.55) = -1.35

where

R =
aRi

m
=

111
20

= 5.55

Nominal range chart

 UCLR = D4R
 = 2.574(5.55) = 14.29

 LCLR = D3 R = 0

9. They draw the centerlines and control limits on the 
chart (Figure 8.19).

10. And finally they interpret the chart, which reveals 
that the hand pruner shears require lower forces than 
the target value to operate. For the lopping shears, 
there is less variation between shears; however, they 
all consistently need above-average force to operate. 
As seen on the R chart, the pruning shears exhibit an 
increasing amount of variation in the force required. 
In general, the pruning shears require less force than 
the target amount to operate. q➛

Nominal X and R charts are the most useful when the 
subgroup size (n) sampled is the same for all part numbers. 
This type of chart is best used when the nominal or center 
of the specifications is the most appropriate target value 
for all part numbers.

FIGURE 8.18  Short-Run Chart: Hand Pruners
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PART NAME (PRODUCT) Example 8.7: Pruning Shears

1. 4 6 0 6 5 -2 4
2. -1 8 -2 0 1 6 1
3. -2 5 3 7 -5 2 -3

AVERAGE, X 0.33 6.33 0.33 4.33 0.33 2.00 0.67
Range, R 6 3 5 7 10 8 7

Hand Pruners

Part Nominal Difference Xi

510 500 10
1 512 500 12 10.0

508 500 8

507 500 7
2 509 500 9 7.0

505 500 5

509 500 9
3 510 500 10 10.33

512 500 12

507 500 7
4 510 500 10 9.67

512 500 12

507 500 7
5 509 500 9 9.00

511 500 11

512 500 12
6 508 500 8 9.67

509 500 9
507 500 7

7 505 500 5 6.00
506 500 6

506 500 6
8 510 500 10 6.67

504 500 4

TablE 8.10  Recorded Values: Lopping Shears 
with a Force Specification of 
500 { 40 N

Part Nominal Difference Xi

406 400 6
1 401 400 1 2.00

399 400 -1

404 400 4
2 399 400 -1 1.67

402 400 2

400 400 0
3 402 400 2 0.00

398 400 -2

395 400 -5
4 400 400 0 -1.33

401 400 1

400 400 0
5 408 400 8 1.67

397 400 -3∼

TablE 8.11  Recorded Values: Pruning Shears 
with a Force Specification of 
400 { 30 N
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sUMMarY 

Different control charts are applicable to different situa-
tions. With such a wide variety of charts available, crea-
tors of charts to monitor processes should determine what 
aspects of the process they wish to study and which chart 
will meet their needs.

The control chart selection flowchart in Figure 8.20 
can help you select an appropriate chart.

q➛ lEssOns lEarnED 

1. Individuals and moving-range charts are used to moni-
tor processes that do not produce enough data to con-
struct traditional variables control charts.

2. Moving-average and moving-range charts are also 
used when individual readings are taken. Once a 
subgroup size is chosen, the oldest measurement is 
removed from calculations as each successive meas-
urement is taken. These charts are less sensitive to 
changes in the process.

3. Charts that plot all the individual subgroup values are 
useful when explaining the concept of variation within 
a subgroup.

4. Multi-vari analysis studies the spread of individual 
measurements in a sample.

5. Median and range charts, though less sensitive than 
variables control charts, can be used to study the varia-
tion of a process. Two different methods exist to create 
median and range charts.

6. Run charts can be constructed using either attribute or 
variables data. These charts show the performance of 
a particular characteristic over time.

7. Charts for variable subgroup size require a greater 
number of calculations because the values of A2, D4, 
and D3 in the formulas for the control limits change 
according to the subgroup sample size.

8. Precontrol charts compare the item being produced 
with specification limits. Precontrol charts are useful 
during machine setups and short production runs to 
check process centering.

9. The nominal X and R chart uses coded measurements 
to monitor process centering and spread on short pro-
duction runs.

FOrMUlas 

CHART FOR INDIVIDUALS WITH  
MOVING-RANGE CHART

 Xi =
aXi

m

 R =
aRi

m - 1
 UCLX = Xi + 2.66(R)
 LCLX = Xi - 2.66(R)
 UCLR = 3.27 * R

CHARTS FOR MOVING AVERAGE  
AND MOVING RANGE

 Centerline X =
aXi

m

 R =
aRi

m

 UCLX = X + A2R

 LCLX = X - A2R

 UCLR = D4R

 LCLR = D3R

MEDIAN AND RANGE CHARTS

 UCLMd = XMd + A6RMd

 LCLMd = XMd - A6RMd

 UCLR = D4RMd

 LCLR = D3RMd

or

 UCLMd = MdMd + A5RMd

 LCLMd = MdMd - A5RMd

 UCLR = D6RMd

 LCLR = D5RMd

SHORT-RUN CHARTS: NOMINAL X AND R

 Centerline =
a  coded X

m

 UCLX = centerline + A2R
 LCLX = centerline - A2R

 R =
aRi

m
 UCLR = D4R
 LCLR = D3R

CHaPTEr PrOblEMs 

INDIVIDUALS CHART WITH MOVING 
RANGE

1. Create a chart for individuals with a moving range for 
the measurements given below. (Values are coded 21 
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FIGURE 8.20  Control Chart Selection Flowchart

Type of data

Sample size Run length?

Moving-average
and moving-
range chart

Individuals and
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Run chart

X and R chart

X and s chart

X and R chart

X and s chart

p chart

np chart

% chart

c chart

Count of
nonconformities

Nonconforming

Short

Long

u chart

Median and
range chart

Short-run
X and R chart

Count or
classification

Measurable

Countable
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n
fixed

n variable

n = 1

n > 1

n = 1
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for 0.0021 mm.) After determining the limits, plotting 
the values, and interpreting the chart, calculate s using 
R/d2. Is the process capable of meeting the specifica-
tions of 0.0025 { 0.0005 mm?

21 22 22 23 23 24 25 24 26 26 27 27 25

26 23 23 25 25 26 23 24 24 22 23 25

2. Create a chart for individuals with a moving range 
from the Dow Jones Industrial Average month end 
data given below:

Sept. 6500 Sept. 9000

Oct. 5500 Oct. 9000

Nov. 7000 Nov. 8000

Dec. 7500 Dec. 7000

Jan. 9000 Jan. 9000

Feb. 9000 Feb. 9500

Mar. 8500 Mar. 9000

Apr. 6500

May 6500

June 7750

July 7000

Aug. 7750

How is the market performing?
3. Brakes are created by joining brake linings to mount-

ing plates. Fineblanked mounting plates are deburred 
before a single part is chosen randomly, and the 
depths of its two identical keyways are measured on 
the coordinate measuring machine and verified for 
accuracy and precision. For the 10 most recent sam-
ples, the depths of the keyways (in mm) have been 
recorded below. Create and interpret an individuals 
and  moving-range chart for each keyway. Compare 
the results between the keyways.

Subgroup 1 2 3 4 5 6 7 8 9 10

Keyway 1 2.0 2.1 2.0 1.9 1.9 2.0 2.0 1.9 2.0 2.0

Keyway 2 2.8 2.5 2.6 2.4 2.9 2.7 2.9 2.9 2.5 2.6

4. In a test lab, two different Rockwell hardness (RC) 
testers are operated. One Rockwell hardness tester 
has a dial indicator; the other has a digital indica-
tor. Both of the hardness testers are calibrated on a 
daily basis. For the data, shown in Table P8.1, from 
the C scale calibration results for the first 10 days of 
February, create and interpret charts for individuals 
and moving ranges for each of the Rockwell hard-
ness testers.

Dial Digital

Individual Rc 
Measures Range

Individual Rc 
Measures Range

46.1 46.1

0.2 0.1

45.9 46.0

0.1 0.1

46.0 45.9

0.0 0.6

46.0 46.5

0.0 0.5

46.0 46.0

0.3 0.1

45.7 46.1

0.1 0.0

45.8 46.1

0.3 0.1

46.1 46.2

0.3 0.8

45.8 45.4

0.1 0.8

45.9 46.2

5. A local doctor’s office tracks the number of insurance 
claim rejections on a monthly basis. From this infor-
mation, create a chart for individuals with a moving-
range chart. Interpret the chart.

Nov. 42

Dec. 31

Jan. 58

Feb. 46

Mar. 58

Apr. 48

May 42

June 65

July 78

Aug. 74

Sep. 58

Oct. 59

Nov. 45

Dec. 46

MOVING-AVERAGE WITH  
MOVING-RANGE CHARTS

6. Use the following miles-per-gallon (mpg) data to cre-
ate the centerline and control limits for a moving- 

TablE P8.1 Recorded Values
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average and a moving-range chart (n = 3). Comment 
on the chart.

mpg mpg

1 36 9 28

2 35 10 27

3 37 11 35

4 38 12 36

5 32 13 35

6 35 14 34

7 36 15 37

8 35

7. Eighteen successive heats of a steel alloy are tested for 
RC hardness. The resulting data are shown below. Set 
up control limits for the moving-average and moving-
range chart for a sample size of n = 4.

Heat Hardness

1 0.806

2 0.814

3 0.810

4 0.820

5 0.819

6 0.815

7 0.817

8 0.810

9 0.811

10 0.809

11 0.808

12 0.810

13 0.812

14 0.810

15 0.809

16 0.807

17 0.807

18 0.800

8. Create a moving-average and moving-range chart 
(n = 3) using the following NASDAQ information. 
How is the market performing?

Sept. 3650 Sept. 3900

Oct. 3550 Oct. 3900

Nov. 3700 Nov. 3800

Dec. 3750 Dec. 3700

Jan. 3900 Jan. 3900

Feb. 3900 Feb. 3950

Mar. 3850 Mar. 4000

Apr. 3650

May 3650

June 3775

July 3700

Aug. 3775

9. Distribution centers use a lot of boxes when they 
fill and pack customer orders. These boxes must be 
ordered in advance of their use. To plan their order 
amounts better, one company tracks box usage using 
moving-average and moving-range charts. Create and 
interpret the charts using n = 3.

Nov. 2400

Dec. 2320

Jan. 2350

Feb. 2300

Mar. 2560

Apr. 2600

May 2750

June 3100

July 2880

Aug. 2700

Sep. 3000

Oct. 2650

Nov. 2610

Dec. 2330

INDIVIDUAL CHART

10. “Score depth” is the depth of a partial cut on a piece of 
metal. Pop-top lids with pull tabs are scored to make it 
easy for the customer to remove the lid but still keep the 
container closed during shipment and storage. Plot the 

following score depth values on a chart plotting all in-
dividuals. The unit of measure is coded for 0.0001 inch. 
Create the limits using the traditional X and R chart for-
mulas presented in Chapter 5. Discuss how the spread 
of the individuals is reflected in the R chart (n = 4).

Subgroup No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

27 28 28 27 31 28 26 26 25 26 29 27 28 26 25

33 32 29 33 34 34 34 33 32 32 36 34 35 33 33

32 31 33 32 30 33 33 33 31 33 32 32 33 32 31

26 27 33 28 28 29 27 27 28 28 29 27 31 28 25

286 CHAPTER EIGHT
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MULTI-VARI CHART

11. Engineers studying the surface finish of a roller as-
sembly are using multi-vari charts. In this particular 
study, they want to study the time-to-time variation 
present in the process. The surface finish data have 
been taken at random intervals throughout the day. 

Each time a sample was taken, three rollers were sam-
pled and surface finish measurements were taken. 
This measuring scheme will also enable them to study 
piece-to-piece variation as well as within-piece varia-
tion. Create and interpret a multi-vari chart with the 
information provided.

0.002 0.001 0.001 0.002 0.000 0.001 0.000 0.001 0.001 0.000 0.002 0.001

0.002 0.002 0.001 0.003 0.000 0.001 0.001 0.000 0.001 0.001 0.000 0.001

0.001 0.003 0.001 0.002 0.001 0.002 0.001 0.002 0.001 0.000 0.000 0.000

12. Fruit and vegetables are marked using edible adhe-
sives and labels. The labels are placed on the fruit or 
vegetables prior to shipment to grocery stores and 
markets. The labels must stay on until removed by 

the consumer. The following data is from adhesion 
tests; higher values mean higher adhesion. Two pieces 
of fruit were sampled each time. Create and interpret 
a multi-vari chart.

0.02 0.05 0.04 0.02 0.06 0.05 0.03 0.05 0.03 0.05 0.02 0.06

0.01 0.03 0.02 0.03 0.03 0.05 0.06 0.04 0.04 0.03 0.05 0.05

13. A medical consortium runs four medical imaging cent-
ers. Staffing the centers is dependent on the number of 

patient visits. Create and interpret a multi-vari chart 
using the following monthly patient count information.

Center A 2,400 2,560 2,750 2,700 2,760 2,710 2,675 2,680 2,720 2,690

Center B 2,320 2,600 3,100 3,000 2,975 3,000 3,200 3,050 3,170 3,100

Center C 2,350 2,750 2,880 2,650 2,780 2,800 2,830 2,790 2,850 2,820

Center D 2,300 2,400 2,420 2,390 2,450 2,400 2,380 2,410 2,395 2,415

MEDIAN AND RANGE CHART

14. Create a median chart and a range chart with the fol-
lowing information. Be sure to plot the points, limits, 
and centerlines (n = 3).

Subgroup No. 1 2 3 4 5 6

6 10 7 8 9 12

9 4 8 9 10 11

5 11 5 13 13 10

15. “Expand curl height” refers to the curled lip on lids 
and tops. Curled edges of lids are crimped down to 
seal the top of the can. Using the following informa-

tion on curl height, create median and range charts to 
study the process. The data are coded 74 for 0.0074 
(n = 3). How is this process performing?

Sample 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

1 74 75 72 73 72 74 73 73 73 74 74 74 73 73 71 75 74 72 75

2 72 73 72 72 73 73 76 74 72 74 74 73 74 72 73 72 74 74 75

3 75 74 74 74 73 73 74 75 73 73 73 73 72 75 75 73 74 74 72

16. Four doctors share a medical practice. They track 
the number of patients each doctor sees each day. 

Create a median and range chart for the following 
 information.

Doctor/Day 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

1 18 16 24 23 22 24 23 23 23 24 24 24 23 23 21 25 24 22

2 19 16 22 22 23 25 26 24 22 24 24 19 24 22 23 21 24 24

3 22 21 18 24 23 23 24 20 23 23 23 23 22 27 24 23 24 24

4 17 25 18 23 22 20 23 24 20 22 23 22 21 23 20 20 24 25
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RUN CHARTS

17. Create a run chart using the following information 
about the bond market. How is the market performing?

Sept. 5650 Sept. 5000

Oct. 5800 Oct. 5050

Nov. 5500 Nov. 4900

Dec. 5580 Dec. 5100

Jan. 5600 Jan. 5200

Feb. 5500 Feb. 5300

Mar. 5300 Mar. 5400

Apr. 5200

May 5000

June 5200

July 5000

Aug. 5100

18. At a large vegetable processing plant, completed cans 
of product are placed in boxes containing 24 cans. 
These boxes are then placed on skids. When a skid 
is filled, the entire skid is shrink-wrapped in prepara-
tion for shipping. Concerns have been raised about 
the amount of shrink-wrap used in this process. A run 

chart was suggested as a way to keep track of material 
usage. Create a run chart with the following informa-
tion. How does it look?

Recorded Values: Shrink-Wrap Usage

4

6

5

8

10

9

4

3

5

4

8

9

5

4

4

3

6

4

19. Create a run chart for the torque measurements shown in the Car Start Nut Torque chart below. Values, taken 
hourly, are recorded left to right.

Car Strut Nut Torque

74.6 73.1 73.1 73.7 74.5 72.5 72.9 72.8 72.7 74.7

75.4 73.2 74.2 73.4 73.8 73.8 73.1 74.5 73.0 73.2

74.4 74.8 73.9 74.8 72.7 72.2

20. Create a run chart for the safety statistics from the security office of a major apartment building in the chart at the 
bottom of the page. The chart should track the total number of violations from 1989 to 1999. What does the chart 
tell you about their safety record and their efforts to combat crime?

Year 1 Year 2 Year 3 Year 4 Year 5 Year 6 Year 7 Year 8 Year 9 Year 10 Year 11

Homicide 0 0 0 0 0 0 0 0 0 1 0

Aggravated Assault 2 1 0 1 3 4 5 5 6 4 3

Burglary 80 19 18 25 40 26 23 29 30 21 20

Grand Theft Auto 2 2 6 15 3 0 2 10 5 2 3

Theft 67 110 86 125 142 91 120 79 83 78 63

Petty Theft 37 42 115 140 136 112 110 98 76 52 80

Grand Theft 31 19 16 5 4 8 4 6 2 4 3

Alcohol Violations 20 17 16 16 11 8 27 15 10 12 9

Drug Violations 3 4 2 0 0 0 0 2 3 2 1

Firearms Violations 0 0 0 0 0 1 0 0 1 0 0
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PRECONTROL

21. Describe the concept of precontrol. When is it used? 
How are the zones established?

22. NB Manufacturing has ordered a new machine. 
During today’s runoff the following data were gath-
ered concerning the runout for the diameter of the 
shaft machined by this piece of equipment. A pre-
control chart was used to set up the machines. Rec-
reate the precontrol chart from the following data. 
The tolerance associated with this part is a maxi-
mum runout value of 0.002 (upper specification). 
The optimal value is 0.000 (no runout), the lower 
specification limit.

Runout

0.0021 0.0014 0.0009 0.0012

0.0013 0.0013 0.0012 0.0010

0.0014 0.0010 0.0012

0.0007 0.0012 0.0012

0.0002 0.0011 0.0012

0.0022 0.0013 0.0014

0.0021 0.0016 0.0017

0.0006 0.0015 0.0020

0.0010 0.0015 0.0021

0.0011 0.0014 0.0015

23. RY Inc. is in the business of producing medical and 
hospital products. Some of the products that they 
produce include surgical tables, stretchers, steriliz-
ers, and examination tables. Surgical tables require 
spacer holes that are drilled into the tables. When 
a drill bit becomes dull, the size of the hole be-
ing drilled becomes larger than the specification of 
0.250 { 0.010 cm. In the past, the operator would 
decide when to change the drill bits. RY Inc.’s qual-
ity engineer recently approved the use of precontrol 
charts to monitor the process. When parts enter the 
yellow zone, the operator knows that drill bit chang-
ing time is approaching. As soon as a part enters the 
red zone, the operator changes the bit. Using this in-
formation, create and interpret a precontrol chart for 
the following information.

0.250 0.255 0.252 0.259

0.250 0.259 0.251 0.260

0.251 0.261 0.253 0.261

0.250 0.249 0.254 0.248

0.252 0.250 0.254 0.248

0.253 0.250 0.256

0.252 0.250 0.259

SHORT-RUN CHARTS

24. In an automatic transmission, a part called a park-
ing pawl is used to hold the vehicle in park. The size 
of the pawl depends on the model of vehicle. Max 
Manufacturing Inc. makes two different thicknesses 
of pawls—a thin pawl, which has a nominal dimen-
sion of 0.2950 inch, and a thick pawl, which has a 
nominal dimension of 0.6850 inch. Both parts are 
stamped on the stamp machine. Max Manufacturing 
runs a just-in-time operation and uses short-run con-
trol charts to monitor critical part dimensions. Pawl 
thickness for both parts is measured and recorded on 
the same short-run control chart. Create and interpret 
a short-run control chart for the following data:

0.2946 0.2947 0.6850 0.6853

0.2951 0.2951 0.6851 0.6849

0.2957 0.2949 0.6852 0.6852

0.2951 0.2947 0.6847 0.6848

0.2945 0.2950 0.6851

0.2951 0.2951 0.6852

0.2950 0.2952 0.6853

0.2952 0.2949 0.6850

0.2952 0.2944 0.6848

0.2950 0.2951 0.6849

0.2947 0.2948 0.6847

0.2945 0.2954 0.6849

25. A series of pinion gears for a van seat recliner are fine-
blanked on the same press. The nominal part diam-
eters are small (50.8 mm), medium (60.2 mm), and 
large (70.0 mm). Create a short-run control chart for 
the following data:

60.1 70.0 50.8

60.2 70.1 50.9

60.4 70.1 50.8

60.2 70.2 51.0

60.3 70.0 51.0

60.2 69.9 50.9

60.1 69.8 50.9

60.2 70.0 50.7

60.1 69.9 51.0

60.4 50.9

60.2 50.9

60.2 50.8
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26. At a medical imaging center several types of  imaging 
machines may be used. Not all the machines are 
used at the same time, so the center monitors patient 
time in the system instead. One center uses short-

run charts to track patient time (in hours) based on 
 medical device. Each device has a nominal time of 1.0 
hours. Use the following data to create a short-run X 
and R chart.

Device 1 Device 2 Device 3 Device 4

1.0 1.3 1.8 1.1

1.0 1.3 1.8 1.0

1.1 1.4 1.7 1.1

0.9 1.5 1.6 1.0

0.8 1.3 1.6 1.0

1.1 1.5 1.6 1.0

1.2 1.6 1.5 1.1

1.2 1.5 1.5 1.2

1.1 1.6 1.4 1.2

1.3 1.7 1.3 1.1

1.0 1.5 2.0 1.0

1.0 1.8 2.1 0.9

1.1 1.8 2.1 0.9

0.9 1.7 2.2 1.0

0.9 1.7 2.0 1.1

0.8 1.6 1.5 1.2

0.9 1.6 1.1 1.3

1.0 1.5 1.2 1.1

1.1 1.7 1.0 1.2

1.0 1.6 1.1 1.2

1.2 1.4 1.4

1.2 1.5 1.5

1.1 1.4 1.5

1.3 1.5 1.4

1.2 1.6 1.4

1.6 1.3

1.7 1.2

1.6 1.0

1.5 1.4

1.6 1.0
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q➛ CasE sTUDY 8.1 

Precontrol

TIKI Inc. produces and distributes natural all-fruit drinks. 
They sell 10-, 16-, and 32-oz bottles. Each bottle-filling 
machine is capable of filling any of the three sizes of bot-
tles. Each machine can also fill any of the seven different 
flavors of drinks offered by TIKI Inc. The versatility of the 
machines helps keep costs low.

Machine setup is required whenever the product line 
is changed. A change may be related to the size of bottle 
being filled or to the type of drink being placed in the bot-
tle. For instance, often production scheduling will call for 
back-to-back runs of grape drink in all three sizes. While 
the mechanisms providing the grape drink are not altered, 
the machines must be set up to accommodate the three dif-
ferent bottle sizes. To ensure that the appropriate amount 
of product is placed in each bottle, careful attention is 
given to the setup process. TIKI Inc. uses precontrol to 
monitor the setup process and to prevent the operator from 
“tweaking” the machine unnecessarily.

Today’s changeover requires a switch from the larger 
32-oz family-size bottle of apple juice product to the 
smaller 10-oz lunch-size bottle. Since bottles that con-
tain less than 10 oz of juice would result in fines from the 
Bureau of Weights and Measures, the specification limits 
associated with the 10-oz bottle are 10.2 { 0.2 oz. The 
operator set up the chart. She created zones by dividing 
the width of the tolerance limits (upper specification limit 
minus lower specification limit) in half:

 10.4 - 10.0 = 0.4 tolerance width

 0.4 , 2 = 0.2

or 0.2 above the nominal dimension and 0.2 below the 
nominal. Additional zones were created by dividing the 
distance between each specification limit and the nominal 
in half:

 10.4 - 10.2 = 0.2

 0.2 , 2 = 0.1

 10.2 - 10.0 = 0.2

 0.2 , 2 = 0.1

As shown in Figure C8.1.1, the chart now has four sec-
tions: 10.4 to 10.3, 10.3 to 10.2, 10.2 to 10.1, and 10.1 to 
10.0. The center two sections, one above and one below 
the centerline, are combined to create the green, or “go,” 
section of the chart: 10.1 to 10.3. The two sections nearest 
the upper or lower specification limit, the yellow, or “cau-
tion,” sections, include 10.3 to 10.4 and 10.0 to 10.1. The 
areas above and below the upper and lower specification 
limits—10.4 and 10.0, respectively—are colored in red.

Having created her chart, the operator set up and ran 
the 10-oz apple juice job. During the setup process the 
machine can be operated by hand to allow the operator to 
produce one bottle, stop the machine, check the fill level, 
and then start the machine to produce another bottle.

q➛  assIGnMEnT
Using the following data, begin with the first column and 
create a precontrol chart. Be sure to apply both the setup 
rules and the run rules where applicable. When necessary, 
include a brief statement on the chart reflecting the deci-
sion rule that has been applied. Read the data in column 
format.

Sample Data

10.35 10.20 10.25

10.41 10.18 10.12

10.33 10.21 10.22

10.31 10.25 10.27

10.22 10.26 10.28

10.20 10.31 10.26

10.19 10.28 10.26

10.20 10.25 10.22

10.23 10.21 10.20

10.21 10.17 10.15

10.20 10.09 10.11

10.22 10.08 10.09
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q➛ CasE sTUDY 8.2 

Run Charts

MYRY Inc. designs and manufactures equipment used 
for making books. Their equipment includes binderies, 
printers, control systems, and material-handling devices. 
Until recently, they have been having difficulty during 
the final assembly process. Far too often, during the fi-
nal assembly of a machine, a needed part would not be 
present. There has been no correlation between the miss-
ing parts and the type of machine being assembled. If a 
part is not available, an assembly person writes up an 
unplanned issue request. Once the assembly person re-
ceives a signature from the line supervisor, he or she can 
go to the stockroom and receive the part immediately. 
Unplanned issue parts are undesirable for two reasons. 
First, when a part is needed, work stops on the line. This 
time lost during assembly idles workers and equipment, 
costs money, and could cause delays in shipping. Second, 
the unplanned issued part must be taken from inventory, 
which means it may not be available when it is needed 
for the next machine.

The project engineers in charge of isolating the root 
cause of this problem and correcting it have used cause-
and-effect diagrams to isolate the problem. Their investi-
gation has shown that the computerized parts scheduling 
and tracking system is not up to the task. The data from 
their investigation convinced management to purchase 
and install a new parts scheduling and tracking system. 
The new system is a highly disciplined system, where all 
parts needed for constructing a piece of equipment are 
tracked from the moment the order is placed until con-
struction is complete. In order for a part to be on the 
assembly floor, a requirement must exist in the system. 
The computer system turned out to be much more than 
a means of installing a counting system. Not only does 
the system track parts availability more accurately, when 
implementing the new system, MYRY had to improve 
their ordering and manufacturing processes. The new sys-
tem enables all areas of the company to work together and 
communicate more efficiently. For example, purchasing 
can relay information directly to their vendors and track 
incoming part quality, eliminating stockouts due to late 
deliveries or quality problems. Bills of material from the 
engineering department can be transferred immediately 
to the factory floor or purchasing, wherever the infor-
mation is needed. Manufacturing process changes have 
enabled them to route the equipment under construction 
through the factory more efficiently, avoiding lost parts 
and decreasing assembly time.

q➛  assIGnMEnT
Create a run chart to track the performance of the parts 
scheduling and tracking system both before and after the 
change. Can you pick out where the change occurs? How 
do you know? Does the new system make a significant dif-
ference? How do you know? Can you see the period of time 
where MYRY was getting used to the new system? What 
was the average number of unplanned issues before the 
change? During? After? What do you think the new level of 
total unplanned issues per week will average out to?

Total Unplanned Issues per Week

Week 1 164

Week 2 160

Week 3 152

Week 4 156

Week 5 153

Week 6 155

Week 7 150

Week 8 140

Week 9 145

Week 10 148

Week 11 138

Week 12 150

Week 13 147

Week 14 152

Week 15 168

Week 16 159

Week 17 151

Week 18 149

Week 19 154

Week 20 160

Week 21 108

Week 22 105

Week 23 95

Week 24 87

Week 25 85

Week 26 60

Week 27 42

Week 28 31

Week 29 15

Week 30 6

Week 31 5

Week 32 6

Week 33 4

Week 34 5
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ProbabIlIty

Often we are surprised at a party or in a class to dis-
cover that someone has the same birthday as we do. 
It seems like such an unusual coincidence. In fact, as 
seen in the chart above, as the number of people gath-
ered together increases, the chance of two people in 
the group having the same birthday increases dramati-
cally. Try verifying this phenomenon in your class.

Probability is the chance that an event will occur. 
When an event has a certain probability, that doesn’t 
mean the event will definitely happen; probabilities 
specify the chance of an event happening. This chap-
ter discusses probability and its application to quality.

q➛ L E A R N I N G  O P P O R T U N I T I E S

1. To become familiar with seven probability theorems

2. To become familiar with the discrete probability distri-
butions: hypergeometric, binomial, and Poisson

3. To review the normal continuous probability 
 distribution

4. To become familiar with the binomial approximation to 
the hypergeometric, the Poisson approximation to the 
binomial, and other approximations
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Or a 104-key computer keyboard has been disassem-
bled and the keys have been placed in a paper sack. If all of 
the keys, including the function keys, number keys, and com-
mand keys, are in the bag, what is the probability that one of 
the 12 function keys will be drawn randomly from the bag?

P(selecting one of the 12 function keys) =
12

104

 q➛
Theorem 1: Probability Is Expressed as a Number  

between 0 and 1:

0 " P(A) " 1

If an event has a probability value of 1, then it is a 
certainty that it will happen; in other words, there is 
a 100 percent chance the event will occur. At the other end 
of the spectrum, if an event will not occur, then it will have 
a probability value of 0. In between the certainty that an 
event will definitely occur or not occur exist probabilities 
defined by their ratios of desired occurrences to the total 
number of occurrences, as seen in Example 9.1.

Theorem 2: The Sum of the Probabilities of the Events  
in a Situation Is Equal to 1.00:

�Pi = P(A) + P(B) + P + P(N) = 1.00

Example 9.2 The Sum of the Probabilities
A manufacturer of piston rings receives raw materials from 
three different suppliers. The stockroom currently has 20 
steel rolls from supplier A, 30 rolls of steel from supplier B, 
and another 50 rolls from supplier C. From these 100 rolls 
of steel in the stockroom, a machinist will encounter the 
following probabilities in selecting steel for the next job:

 P(steel from supplier A) = 20/100 = 0.20 or 20%

 P(steel from supplier B) = 30/100 = 0.30 or 30%

 P(steel from supplier C) = 50/100 = 0.50 or 50%

And from Theorem 2:

P(steel from A) + P(steel from B) + P(steel from C)
= 0.20 + 0.30 + 0.50 = 1.00 q➛

Theorem 3: If P(A) Is the Probability That an Event A Will  
Occur, Then the Probability That A Will Not Occur Is

P(A′) = 1.00 − P(A)

Example 9.3 Determining the Probability That  
an Event Will Not Occur
Currently, the stockroom contains steel rolls from only sup-
pliers A and B. There are 20 rolls from supplier A and 30 
rolls from supplier B. If the roll selected was from supplier 
A, what is the probability that a roll from supplier B was 
not selected?

P(A′) = 1.00 - P(A)

ProbabIlIty tHEorEMS
The State Arboretum of Virginia has a grove of nearly 300 
mature ginkgo trees. This ginkgo grove began as a proba-
bility experiment. In the 1930s, students of the arboretum’s 
first director, Dr. Orland E. White, planted the grove with 
seeds collected from a single ginkgo tree from the grounds 
of the University of Virginia in Charlottesville. Gingko 
trees are dioecious. Like hollies, there are male and female 
trees. Would these randomly selected and planted seeds 
grow into 50 percent male trees and 50 percent female? 
That’s what the experiment was designed to find out. The 
result? The ratio of males to females is indeed 50-50.

Probability affects all aspects of our lives. Intuitively 
we understand things like the chance it will rain, the proba-
bility of there being a traffic jam on the commute to school 
or to work, or the chance that a particular concert will sell 
out on the first day that tickets go on sale. Probability is 
the chance that something will happen. Probabilities quan-
tify the chance that an event will occur. However, having 
a probability attached to an event does not mean that the 
event will definitely happen.

A person’s first exposure to probability theory usu-
ally occurs early in life in the form of the coin toss. A fair 
coin is tossed and the winner is the person who correctly 
predicts whether the coin will land face up or face down. 
After observing the way the coin lands a number of times, 
we see a pattern emerge: approximately half of the tosses 
land face up, half face down. In future coin tosses, when-
ever a pattern inconsistent with this 50-50 split emerges, 
we wonder if the coin is “fair.”

Probability plays a role in the quality of products being 
produced or services being provided. There is the chance 
that a tool will break, that a line will clog, that a person 
will be late for an appointment, or that a service will not 
be performed on time.

The probability of an occurrence is written as P(A) 
and is equal to

P(A) =
number of occurrences

total number of possibilities
=

s
n

Example 9.1 Determining Probabilities

P(opening a 309@page book to page 97) =
1

309

There is only one successful case possible, only one 
page 97, out of the total cases of 309.

Or

P(heads) =
coin lands head side up

two sides of a coin
=

1
2

Or during a production run, two test parts are mixed 
in with a box of 25 good parts. During an inspection, 
the probability of randomly selecting one of the test 
parts is

P(selecting a test part) =
2

27
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Events are considered nonmutually exclusive events 
when they may occur simultaneously. If both can happen, 
then Theorem 4 must be modified to take into account the 
overlapping area where both events can occur simultane-
ously. For instance, in a deck of cards the King, Queen, and 
Jack of diamonds are both diamonds and red face cards 
(Figure 9.1).

Theorem 5: When Events A and B Are Not Mutually 
Exclusive Events, the Probability That Either Event A or 

Event B or Both Will Occur Is

P(A or B or both) = P(A) + P(B) − P(both)

Example 9.6 Probability in Nonmutually 
Exclusive Events I
A quality assurance class at the local university consists 
of 32 students, 12 female and 20 male. The professor 
recently asked, “How many of you are out-of-state stu-
dents?” Eight of the women and five of the men identified 
themselves as out-of-state students (Figure 9.2). Apply 
Theorem 5 and determine the probability that a student 
selected at random will be female, out-of-state, or both:

P(female or out@of@state or both) = P(F) + P(O) - P(both)

Counting the number of occurrences, we find

 P(female) = 12/32

 P(out@of@state) = 13/32

 P(both) = 8/32

 P(female or out@of@state or both) = 12/32 +13/32 - 8/32

 = 17/32

If the overlap of eight students who are both female 
and out-of-state had not been subtracted out, then, as 
shown by Figure 9.2, the total (25/32) would have been 
incorrect.

 q➛

where

P(A) = P(selecting a roll from supplier A) =
20
50

= 0.40

Then

 P(A′) = P(selecting a roll from supplier B)

 = 1.00 - 0.40 = 0.60  q➛
Events are considered mutually exclusive if they can-

not occur simultaneously. Mutually exclusive events can 
happen only one at a time. When one event occurs it pre-
vents the other from happening. Rolling a die and getting a 
6 is an event mutually exclusive of getting any other value 
on that roll of the die.

Theorem 4: For Mutually Exclusive Events, the  Probability 
That Either Event A or Event B Will Occur Is the Sum  

of Their Respective Probabilities:

P(A or B) = P(A) = P(B)

Theorem 4 is called “the additive law of probability.” 
Notice that the “or” in the probability statement is repre-
sented by a “ +” sign.

Example 9.4 Probability in Mutually Exclusive 
Events I
At a party you and another partygoer are tied in a com-
petition for the door prize. Those hosting the party have 
decided that each of you should select two values on a 
single die. When the die is rolled, if one of your values 
comes up, then you will be the winner. You select 2 and 4 
as your lucky numbers. What is the probability that either 
a 2 or a 4 will appear on the die when it is rolled?

 P(rolling a 2 or a 4 on a die) = P(2) + P(4)

 P(2) = 1/6    P(4) = 1/6

 P(rolling a 2 or a 4 on a die) = 1/6 + 1/6 = 1/3

 q➛
Example 9.5 Probability in Mutually Exclusive 
Events II
At the piston ring factory in Example 9.2, a machine oper-
ator visits the raw materials holding area. If 20 percent of 
the steel comes from supplier A, 30 percent from supplier 
B, and 50 percent from supplier C, what is the probability 
that the machinist will randomly select steel from either 
supplier A or supplier C?

 P(steel from supplier A) = 0.20
 P(steel from supplier B) = 0.30
 P(steel from supplier C) = 0.50

Since the choice of steel from supplier A precludes 
choosing either supplier B or C, and vice versa, these events 
are mutually exclusive. Applying Theorem 4, we have

 P(steel from A or steel from C) = P(A) + P(C)
 = 0.20 + 0.50
 = 0.70  q➛

FIGURE 9.1  Venn Diagram

Red face
cards
3

Diamonds
103

FIGURE 9.2  A Venn Diagram for Example 9.6
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Women Out-of-state Men
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the probability of being both female and out-of-state 
[P(female and out@of@state)] = 8/32. These values can 
be verified by looking at Figure 9.2.

Completing the calculation, we find

P(out@of@state � female) =
8/32

12/32
= 2/3

Given that the student selected is female, the probability 
that she will be from out of state is 2/3. q➛

Example 9.9 Probability in Dependent Events II
To attend a business meeting in Los Angeles, a business 
traveler based in Cincinnati must first fly to Chicago and 
board a connecting flight. Because of the nature of the 
flights, the traveler has very little time to change planes 
in Chicago. On his way to the airport, he ponders the pos-
sibilities. On the basis of past traveling experience, he 
knows that there is a 70 percent chance that his plane 
will be on time in Chicago [P(Chicago on time) = 0.70]. 
This leaves a 30 percent chance that his Cincinnati-based 
plane will arrive late in Chicago. Knowing that if he arrives 
late, he may not be able to make the connecting flight to 
Los Angeles, he decides that the probability that he will be 
late in Chicago and on time in Los Angeles is 20 percent 
[P(Chicago late and Los Angeles on time) = 0.20]. Sup-
pose that the traveler arrives late in Chicago. Given that 
he arrived late in Chicago, what is the probability that he 
will reach Los Angeles on time?

P(L.A. on time � Chicago late)=
P(Chicago late and L.A. on time)

P(Chicago late)

From reading the problem, we know

 P(Chicago on time) = 0.70

 P(Chicago late) = 1 - 0.70 = 0.30

 P(Chicago late and L.A. on time) = 0.20

 P(L.A. on time � Chicago late) =
0.20
0.30

= 0.7

 q➛

When events are independent, one event does not 
influence the occurrence of another. The result of one out-
come or event is unaffected by the outcome of another 
event. Mathematically, events are considered independent 
if the following are true:

P(A � B) = P(A) and P(B � A) = P(B) and
P(A and B) = P(A) * P(B)

Example 9.10 Probability in Independent Events
A local mail-order catalog business employs 200 people 
in the packaging and shipping departments. The person-
nel department maintains the records shown in Table 9.1. 

Example 9.7 Probability in Nonmutually 
Exclusive Events II
The manager of a local job shop is trying to determine 
what routings parts make the most often through the 
plant. Knowing this information will help the manager plan 
machine usage. The manager has uncovered the following 
information:

 P(part requires plating) = 0.12
 P(part requires heat@treating) = 0.29

Parts that need plating may also need heat-treating. There-
fore these events are not mutually exclusive, and

 P(part requires both plating and heat@treating) = 0.07

The manager would like to know the probability that the 
part will require either plating or heat-treating. Applying 
Theorem 5:

P(part requires plating or heat@treating)

 = P(part requires plating) + P(part requires heat@treating)
 - P(part requires both plating and heat@treating)

 = 0.29 + 0.12 - 0.07

 = 0.34 q➛
It is not unusual for one outcome or event to affect the 
outcome of another event. When the occurrence of one 
event alters the probabilities associated with another event, 
these events are considered dependent.

Theorem 6: If A and B Are Dependent Events, the  
Probability That Both A and B Will Occur Is

P(A and B) = P(A) : P(B ∣ A)

In this theorem, the occurrence of B is dependent on the 
outcome of A. This relationship between A and B is rep-
resented by P(A � B). The vertical bar ( � ) is translated as 
“given that.” The probability that both A and B will occur 
is the probability that A will occur multiplied by the prob-
ability that B will occur, given that A has already occurred.

Example 9.8 Probability in Dependent Events I
Suppose that a student from Example 9.6 has been cho-
sen at random from the 32 in the class. If the student 
selected is female, what is the probability that she will be 
from out of state?

This is a conditional probability: the answer is condi-
tioned on the selection of a female student. The formula 
in Theorem 6 will need to be rearranged to determine the 
answer:

 P(B � A) =
P(A and B)

P(A)

 P(out@of@state � female) =
P(female and out@of@state)

P(female)

The probability of selecting one of the 12 females in 
the class is equal to P(female) = 12/32. Since being 
female and being from out of state are dependent events, 

M09B_SUMM3273_06_SE_C09.indd   300 10/28/16   5:44 PM



Probability      301

Example 9.11 Joint Probability I
A company purchases fluorescent light bulbs from two 
different suppliers. Sixty percent of the fluorescent 
bulbs come from WT Corporation, 40 percent from NB 
Corporation. Both suppliers are having quality problems. 
 Ninety-five percent of the bulbs coming from WT Corpora-
tion perform as expected. Only 80 percent of the bulbs 
from NB Corporation perform.

What is the probability that a bulb selected at random 
will be from WT Corporation and that it will perform as 
expected?

Since the light bulbs from supplier WT are separate 
and independent of the light bulbs from supplier NB, The-
orem 7 may be used to answer this question:

 P(WT and perform) = P(WT) * P(perform)

 = (0.60) * (0.95) = 0.57

Similarly, the probability that a bulb selected at ran-
dom will be from NB Corporation and perform is

 P(NB and perform) = P(NB) * P(perform)

 = (0.40) * (0.80) = 0.32

The probabilities associated with the bulbs not performing 
can be calculated in a similar fashion:

 P(NB and not performing) = (0.40) * (0.20) = 0.08

 P(WT and not performing) = (0.60) * (0.05) = 0.03

 q➛

Example 9.12 Joint Probability II
The company is interested in determining the probability 
that any one bulb selected at random, regardless of the 
supplier, will not perform. This value can be found by 
remembering Theorem 2: The sum of the probabilities of 
the events of a situation is equal to 1.00:

P(A) + P(B) + g + P(N) = 1.00

and Theorem 3: If P(A) is the probability that event A will 
occur, then the probability that A will not occur is

P(A) = 1.00 - P(A)

In this instance, four events can take place:

The bulb tested is from WT Corporation and it 
performs.

The bulb tested is from WT Corporation and it does 
not perform.

The bulb tested is from NB Corporation and it 
performs.

The bulb tested is from NB Corporation and it does 
not perform.

If the probabilities from these four events are summed, 
they will equal 1.00 (Theorem 2).

Questions have arisen concerning whether there has been a 
tendency to place female workers in the packaging depart-
ment instead of in the shipping department. Management 
feels that there is no relationship between being female 
and working in the packaging department. In other words, 
they feel that these two events are independent. A quick 
probability calculation can enable the firm to determine 
whether this is true.

If an employee is selected at random from the 200 
total employees, what is the probability that the employee 
works for the packaging department?

P(packaging) = 80/200 = 0.4

If the employee selected is female, what is the 
probability that the employee works in the packaging 
department?

P(packaging � female) =
P(female and packaging)

P(female)
=

32/200
80/200

= 0.4

Independence can be established if the following are true:

 P(packaging � female) = P(packaging)

 0.4 = 0.4

and

 P(female � packaging) = P(female)

 
32/200
80/200

= 0.4

and from Table 9.1, it can be seen that

 P(female and packaging) = P(female) * P(packaging)

 32/200 = 80/200 * 80/200

 0.16 = 0.16

Since the three probability comparisons are equal, they are 
independent. q➛

Theorem 7: If A and B Are Independent Events, Then the 
Probability That Both A and B Will Occur Is

P(A and B) = P(A) : P(B)

This is often referred to as a joint probability, meaning 
that both A and B can occur at the same time.

Department

Sex Packaging Shipping Total

Female 32 48 80

Male 48  72 120

Total 80 120 200

tablE 9.1 Employee Records
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PErMUtatIoNS aND 
CoMbINatIoNS
As the number of ways that a particular outcome may 
occur increases, so does the complexity of determining all 
possible outcomes. For instance, if a part must go through 
four different machining operations and for each operation 
there are several machines available, then the scheduler 
will have a number of choices about how the part can be 
scheduled through the process. Permutations and combina-
tions are used to increase the efficiency of calculating the 
number of different outcomes possible.

We already know the probabilities associated with the 
bulb performing:

 P(WT and perform) = (0.60) * (0.95) = 0.57
 P(NB and perform) = (0.40) * (0.80) = 0.32

Therefore, using Theorem 1, the probability that any one 
bulb selected at random, regardless of the supplier, will 
not perform is

 P(bulb not performing) = 1.00 - P(WT and perform)
 - P(NB and perform)

 = 1.00 - 0.57 - 0.32
 = 0.11  q➛

The quality specialist at RQM Inc., an automotive manufacturer, 
received the following information in a report written by a field 
specialist, whose job it is to let the plant know about warranty com-
plaints, issues, and claims.

Condition/Symptom Customers have been requesting war-
ranty service for inoperative and incorrectly read fuel gages for 
recently purchased Automobile Models R and Q.

Probable Cause Incorrect fuel gages or incorrect fuel pumps 
installed at factory.

Immediate Corrective Action Replace fuel units (pump and 
gages) with correct part depending on model.

Market Impact To date there have been 39 warranty claims 
associated with fuel systems on Models R and Q. Each claim 
costs $2,000 in parts and labor.

The quality specialist visited the Fuel System Creation work-
station to study its layout and its process flow map (Figures 9.3 
and 9.4). She was able to determine that the creation of the fuel 

Permutations and Combinations at RQM Inc. rEal toolS for rEal lIFEq➛

FIGURE 9.3  Workstation Layout for Fuel Systems
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system requires that the operator visually identify the handwrit-
ten designation of the fuel tank type and install the correct fuel 
system (pump and gage combination). Visiting the related work-
stations, she determined that the labeling of the tank is currently 
done by hand at the station where the part is unloaded from the 
paint rack. The part sequence, date, shift, and model type are 
written in a location visible to the person at the Fuel System 
Installation workstation, but not easily read by the operator at the 
Fuel System Creation workstation. The pumps and gages are not 
labeled, but arrive at the workstation on separate conveyors. At 
the following station, the unit is checked for leaks. This opera-
tor is responsible for designating the tank type and sequencing 
the tank into the correct production line for either Model R or 
Model Q. The unit then proceeds to the final assembly line.

Models R and Q are produced on the same final assembly 
line. Similar in size, they require fuel pumps, gages, and tanks 
that on the outside look remarkably similar. Contemplating this 
problem, the quality specialist can see that a variety of permuta-
tions may exist.

 An R pump and gage combination may be correctly installed 
in a Model R.
 A Q pump and gage combination may be correctly installed in 
a Model Q.
 An R pump and gage combination may be installed in a  
Model Q.
 A Q pump and gage combination may be installed in a  
Model R.

FIGURE 9.4  Process Flow Map for Fuel Systems
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An R pump with a Q gage may be installed in a Model Q.
An R pump with a Q gage may be installed in a Model R.
A Q pump with an R gage may be installed in a Model Q.
A Q pump with an R gage may be installed in a Model R.
The pump may be inoperable or substandard.

Repeating the same permutations above.
The gage may be inoperable or substandard.

Repeating the same permutations above.

It is enough to make a person’s head spin and it certainly could 
become confusing for an operator who has 55 seconds to select 
and assemble a pump, a gage, and a tank. The possible errors an 
operator might make include misreading the handwritten identifica-
tion of the fuel tank, selecting the wrong pump, selecting the wrong 
gage, and placing the completed tank on the wrong assembly line.

Countermeasures Having realized the large number of 
permutations and combinations that can result in errors for 

this process, the quality specialist proposes the following 
countermeasures:

 j Label all components (tank, gage, pump) with a barcode.

 j Install barcode readers on the conveyors feeding the Fuel 
System Creation workstation.

 j Utilize computer software that compares the three bar-
coded parts selected and alerts the operator by sounding 
a bell if the components don’t match.

This simple automated system should help simplify the selection 
process and eliminate sources of error in the process caused by 
the large number of permutations and combinations.

q➛

A permutation is the number of arrangements that n 
objects can have when r of them are used:

Pr
n =

n!
(n - r)!

The order of the arrangement of a set of objects is impor-
tant when calculating a permutation.

Example 9.13 Calculating a Permutation I
While waiting in an airport, you strike up a conversation 
with a fellow traveler. She is trying to decide whether to 
phone a friend. Unfortunately she can remember only the 
first four digits (555-1) of the friend’s phone number, and 
she knows that the last three digits are not the same. How 
many different permutations are there when determining 
the last three digits?

To solve this equation, it is important to remember 
that the order is important. For instance, if the three 
needed numbers are a 1, a 2, and a 3, are the last three 
digits in the phone number 123 or 321 or 312 or 213 
or 132 or 231? For each missing number there are 10 
choices (0–9). Since no one number is repeated, those 10 
choices must be taken three at a time:

Pr
n =

n!
(n - r)!

=
10!

(10 - 3)!
= 720

Should she try to discover her friend’s phone number? 
 q➛

Example 9.14 Calculating a Permutation at JRPS
At JRPS, the scheduler is facing a dilemma. A shaft must 
go through the following three different machining oper-
ations in order, and for each of these operations there 
are several machines available. The scheduler’s boss has 
asked him to list all the different ways that the shaft can 
be scheduled. The scheduler is reluctant to begin the list 
because there are so many different permutations. Using 

the following information, he calculates the number of 
permutations possible:

Centering (four machines): The part must go to 
two different centering machines, each set up with 
different tools.

Grinding (three machines): Grinding the shaft takes 
only one grinder.

Milling (five machines): The shaft must go through 
three different milling machines, each set up with 
different tools.

The scheduler knows that order is important, and so 
the number of permutations for each work center must be 
calculated. These values will then be multiplied together 
to determine the total number of schedules possible.

Centering (four machines selected two at a time):

Pr
n =

n!
(n - r)!

=
4!

(4 - 2)!
= 12

This can also be found by writing down all the differ-
ent ways that the two machines can be selected. Remem-
ber, order is important:

12 13 14 23 24 21 34 32 31 43 42 41

Grinding (three machines selected one at a time):

Pr
n =

n!
(n - r)!

=
3!

(3 - 1)!
= 3

Milling (five machines selected three at a time):

Pr
n =

n!
(n - r)!

=
5!

(5 - 3)!
= 60

Since there are 12 different permutations to schedule 
the centering machines, 3 for the grinders, and 60 for the 
milling machines, the total number of permutations that 
the scheduler will have to list is 12 * 3 * 60 = 2,160! 
 q➛
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without replacement. The following formula is used to cal-
culate the probability an event will occur:

 P(d) =
Cd

D Cn - d
N - D

Cn
N

 P(d) =

D!
d!(D - d)!

 J (N - D)!
(n - d)![(N - D) - (n - d)]!

R
N!

n!(N - n)!

where

 D = number of nonconforming or defective units  
                 in lot

 d = number of nonconforming or defective units  
                 in sample

 N = lot size
 n = sample size

 N - D = number of conforming units in lot
 n - d = number of conforming units in sample

The hypergeometric distribution is an exact distribu-
tion; the P(d) translates to the probability of exactly d non-
conformities. In the numerator, the first combination is the 
combination of all nonconforming items in the population 
and in the sample. The second combination is for all of the 
conforming items in the population and the sample. The 
denominator is the combination of the total population 
and the total number sampled.

Example 9.16 Forgery Detection Using the 
Hypergeometric Probability Distribution
To help train their agents in forgery detection, officials 
have hidden four counterfeit stock certificates with 11 
authentic certificates. What is the probability that the 
trainees will select one counterfeit certificate in a random 
sample (without replacement) of three?

 D = number of counterfeits in lot = 4

 d = seeking the probability that one counterfeit 
        will be found = 1

 N = lot size = 15

 n = sample size = 3

 N - D = number of authentic certificates in lot = 11

 n - d = number of authentic certificates in sample = 2

 P(1) =
C1

4 C2
11

C3
15

 =
J 4!

1!(4 - 1)!
R J 11!

2!(11 - 2)!
R

15!
3!(15 - 3)!

= 0.48

If the officials were interested in determining the probabil-
ity of selecting two or fewer of the counterfeit certificates, 
the result would be

When the order in which the items are used is not 
important, the number of possibilities can be calculated by 
using the formula for a combination. The calculation for 
a combination uses only the number of elements, with no 
regard to any arrangement:

Cr
n =

n!
r!(n - r)!

Example 9.15 Calculating a Combination
A problem-solving task force is being created to deal with 
a situation at a local chemical company. Two different 
departments are involved, chemical process engineering 
and the laboratory. There are seven members of the chem-
ical process engineering group and three of them must 
be on the committee. The number of different combina-
tions of members from the chemical process engineering 
group is

Cr
n =

n!
r!(n - r)!

=
7!

3!(7 - 3)!
= 35

There are five members of the laboratory group and two of 
them must be on the committee. The number of different 
combinations of members from the laboratory group is

Cr
n =

n!
r!(n - r)!

=
5!

2!(5 - 2)!
= 10

For the total number of different arrangements on the 
committee, multiply the number of combinations from 
the chemical process engineering group by the number of 
combinations from the laboratory group:

Total = C3
7 * C2

5 = 35 * 10 = 350 q➛

DISCrEtE ProbabIlIty 
DIStrIbUtIoNS
For a probability distribution to exist, a process must be 
defined by a random variable for which all the possible 
outcomes and their probabilities have been enumerated. 
Discrete probability distributions count attribute data, the 
occurrence of nonconforming activities or items, or non-
conformities on an item.

Hypergeometric Probability Distribution
When a random sample is taken from a small lot size, the 
hypergeometric probability distribution will determine the 
probability that a particular event will occur. The hyper-
geometric is most effective when the sample size is greater 
than 10 percent of the size of the population (n/N 7 0.1) 
and the total number of nonconforming items is known. To 
use the hypergeometric probability distribution, the popu-
lation must be finite and samples must be taken randomly, 
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The above probability can also be found by using Theorem 
2 and calculating

P(2 or fewer) = 1 - P(3)

What is the probability selecting all four counterfeits? 
This can’t be calculated because the sample size is only 
three. q➛

Binomial Probability Distribution
The binomial probability distribution was developed by 
Sir Isaac Newton to categorize the results of a number of 
repeated trials and the outcomes of those trials. The “bi” in 
binomial refers to two conditions: The outcome is either a 
success or a failure. In terms of a product being produced, 
the outcome is either conforming or nonconforming. The 
distribution was developed to reduce the number of cal-
culations associated with a large number of trials contain-
ing only two possible outcomes: success (s) or failure (f). 
Table 9.2 shows how complicated the calculations become 
as the number of trials held increases.

 P(2 or fewer) = P(0) + P(1) + P(2)

 P(0) =
C0

4 C3 - 0
15 - 4

C3
15

 =
J 4!

0!(4 - 0)!
R J 11!

3!(11 - 3)!
R

15!
3!(15 - 3)!

= 0.36

 P(1) = 0.48

 P(2) =
C2

4 C3 - 2
15 - 4

C3
15

 =
J 4!

2!(4 - 2)!
R J 11!

1!(11 - 1)!
R

15!
3!(15 - 3)!

= 0.15

The probability of selecting two or fewer counterfeit 
certificates is

 P(2 or fewer) = P(0) + P(1) + P(2)
 = 0.48 + 0.36 + 0.15 = 0.99

People go to hospitals when they are ill, which makes hospitals a 
breeding ground for bacteria and viruses. For patient and visitor 
safety, infection rates in any hospital are carefully monitored. Con-
tinuous efforts are made to reduce the chance of spreading infec-
tions among or between patients, staff, and visitors. Transmission 
of infectious pathogens occurs most often through the contami-
nated hands of health-care workers. This means that good hand 
hygiene is the most important infection control measure available.

At first glance, hand washing is a simple task that most of 
us learn the importance of early in life. Unfortunately, studies of 
hand washing found that people don’t remember to wash their 
hands regularly and thoroughly. Areas often overlooked can be 
seen in Figure 9.5. Posters and signs placed near sinks remind 
people to wash their hands.

JQOS is a 100-bed hospital that offers a full range of services 
including emergency services, maternity, child care, orthopedic, 
cardiac, and general welfare. Management at JQOS has long 
believed that prevention is the best approach to any issue. They 
have decided to tackle the hand-washing issue head-on. Their 
goal is to improve hand-washing compliance among health-care 
workers throughout the hospital.

Sinks are located in nearly every patient room in the hospital. 
Since the sinks are in constant use, they are subject to plumbing 
difficulties. The second floor west wing has nine sinks. Right now, 
three of those sinks are experiencing minor leaks. When the health-
care inspectors make a visit today, they will be inspecting the sinks. 
If they find a sink that leaks, the sink will immediately be marked as 
unusable. Since inspectors do not have time to study each sink, they 
plan on inspecting a sample of four sinks. What is the probability 
that in a random sample of four sinks, they will find one leaky sink?

 D = number of leaky sinks in lot = 3

 d = seeking the probability that one leaky sink will be found = 1

 N = lot size = 9

 n = sample size = 4

 N - D = number of good sinks in lot = 6

 n - d = number of good sinks in sample = 3

 P(1) =
C1

4 C2
11

C3
15

 =
J 3!

1!(3 - 1)!
R J 6!

3!(6 - 3)!
R

9!
4!(9 - 4)!

= 0.48

There is a 47.6 percent chance that the health-care inspectors 
will find one leaky sink in their sample of four.

Improving Hand-Washing Compliance rEal toolS for rEal lIFEq➛

FIGURE 9.5  Areas of the Hand Overlooked during 
Hand Washing
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This distribution is an exact distribution, meaning that 
the P(d) translates to the probability of exactly d noncon-
forming units or failures occurring. The mean of the bino-
mial distribution is m = np. The standard deviation of the 
binomial distribution is s = 2np(1 - p). Binomial tables 
can be used for easier calculations. The binomial distribu-
tion tables are found in Appendix 4.

Example 9.17 Using the Binomial Probability 
Distribution in the Billing Department
The billing department of a local department store sends 
monthly statements to the store’s customers. For those 
statements to reach the customer in a timely fashion, the 
addresses on the envelopes must be correct. Occasionally 
errors are made with the addresses. The billing department 
estimates that errors are made 2 percent of the time. For 
this continuous process, in which an error in the address 
is considered a nonconforming unit, what is the probability 
that in a sample size of eight, one address will be incorrect?

P(d) =
n!

d!(n - d)!
 pdqn - d

where

 d = number of nonconforming units sought = 1

 n = sample size = 8

 p = proportion of population nonconforming = 0.02

 q = (1 - p) = proportion of conforming units  
   = 1 - 0.02

P(1) =
8!

1!(8 - 1)!
 0.0210.988 - 1 = 0.14

Cumulative binomial distribution tables are included in 
Appendix 4. To utilize the appendix, match the sample 
size (n) with the number of nonconforming/defective 
units sought (d) and the proportion of nonconforming 
units/defectives in the population (p). Since this table is 
cumulative and we are seeking the probability of exactly 1 
(P(1)), we must subtract the probability of exactly 0 (P(0)). 
For this example,

From Appendix 4:

 P(1) = Cum P(1) - Cum P(0)
 = 0.9897 - 0.8508
 = 0.1389 or 0.14 when rounded

The binomial probability distribution can be used if 
two conditions are met:

1. There is a nearly infinite number of items or a steady 
stream of items being produced.

2. The outcome is seen as either a success or a failure. 
Or in terms of a product, it is either conforming or 
nonconforming. The binomial formula for calculating 
the probability an event will occur is

P(d) =
n!

d!(n - d)!
 pdqn - d

where

 d = number of nonconforming units, defectives, or  
    failures sought

 n = sample size
 p = proportion of nonconforming units, defectives,  

    or failures in population
 q = (1 - p) = proportion of good or conforming  

    units or successes in population

Number of Trials Possible Outcomes*

1 s f

2 ss ff sf fs

3 sss fff ssf sff sfs

fss ffs fsf

4 ssss ffff sfff ssff sffs sssf

fsss ffss fffs fssf sfsf

    fsfs ssfs sfss ffsf fsff

5 sssss fffff sffff sfffs sffss

   sfsss fssss fsssf fssff fsfff

sfsfs fsfsf ssfff ssffs ssfss

   ffsss ffssf ffsff ssssf sssff

fffss ffffs sfsff fsfss sffsf

   fssfs sfssf fsffs ssfsf ffsfs

fffsf sssfs

*Success = s; failure = f.

tablE 9.2  Binomial Distribution: Outcomes 
Associated with Repeated Trials

d = 1 T n = 8

p = 0.02 p
D

0.01 0.02 0.03 0.04 0.05 0.06 0.07

0 0.9227 0.8508 0.7837 0.7214 0.6634 0.6096 0.5596
S 1 0.9973 0.9897 0.9777 0.9619 0.9428 0.9208 0.8965

n = 8 2 0.9999 0.9996 0.9987 0.9969 0.9942 0.9904 0.9853

 q➛
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 P(0) =
14!

0!(14 - 0)!
 0.0400.9614 - 0 = 0.57

 P(1) =
14!

1!(14 - 1)!
 0.0410.9614 - 1 = 0.33

 P(2) =
14!

2!(14 - 2)!
 0.0420.9614 - 2 = 0.09

Summing these values,

 P(2 or fewer) = P(0) + P(1) + P(2)

 = 0.57 + 0.33 + 0.09 = 0.99

The binomial distribution tables from Appendix 4 
may also be used in this example. This time, however, the 
probability being sought, P(2 or fewer), is cumulative. To 
utilize the appendix, match the sample size (n) with the 
number of nonconforming/defective units sought (d) and 
the proportion of nonconforming units/ defectives in the 
population (p). For this example,

From Appendix 4:

P(2 or fewer) = 0.9833

The differences here are from rounding.

Example 9.18 Using the Binomial Probability 
Distribution with Ceramic Tile
From experience, a manufacturer of ceramic floor tiles 
knows that 4 percent of the tiles made will be damaged 
during shipping. Any chipped, scratched, or broken tile 
is considered a nonconforming unit. If a random sample 
of 14 tiles is taken from a current shipment, what is the 
probability that two or fewer tiles will be damaged?

The binomial distribution can be applied because a 
steady stream of tiles is being manufactured and a tile can 
be judged either conforming or nonconforming. To calcu-
late the probability of finding two or fewer, Theorems 2 
and 3 must be applied:

 P(2 or fewer) = P(0) + P(1) + P(2)

 P(d) =
n!

d!(n - d)!
 pdqn - d

where

 d = number of nonconforming units sought

 n = sample size

 p = proportion of population that is nonconforming

 q = (1 - p) = proportion of conforming units

Removing infectious pathogens from the contaminated hands 
of health-care workers improves when the hands are dried. This 
means that having paper towels near the sinks is important. At 
JQOS, numerous hand-washing stations exist. Each of these sta-
tions is equipped with a paper towel dispenser. During the day, 
health-care workers use a steady stream of paper towels. Each 
evening, the housekeeping staff refills the paper towel dispensers. 
Since paper towels are critical to pathogen removal, the safety 
officer at JQOS randomly samples the dispensers throughout the 
day. Dispensers found without towels are considered defective. 
From past experience, the safety officer knows to expect a por-
tion defective of 0.10. From a random sample of five dispensers 
selected, what is the probability that two or more dispensers will 
have no paper towels?

where

 d = 2 or more

 n = 5

 p = 0.10

 q = 0.90

 P(2 or more) = P(2) + P(3) + P(4) + P(5)

 = 0.073 + 0.008 + 0.00045 + 0.00005

 = 0.082

 P(2) =
5!

2!3!
 (0.10)2 (0.90)3 = 0.073

 P(3) =
5!

3!2!
 (0.10)3 (0.90)2 = 0.008

 P(4) =
5!

4!1!
 (0.10)4 (0.90)1 = 0.00045

 P(5) =
5!

5!0!
 (0.10)5 (0.90)0 = 0.00005

There is an 9.2 percent chance of finding two or more dispensers 
with no paper towels.

This problem can also be solved by:

 P(2 or more) = 1 - P(1 or fewer)

 = 1 - P(1) - (0)

 = 1 - 0.3235 - 0.5905

 = 0.0815

 P(1) =
5!

1!4!
 (0.10)1 (0.90)4 = 0.3235*

 P(0) =
5!

0!5!
 (0.10)0 (0.90)5 = 0.5905*

*There values were calculated from the values in Appendix 4.

Improving Hand-Washing Compliance  
by Making It Easier

rEal toolS for rEal lIFEq➛

q➛
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d = 2 or fewer T n = 14

p = 0.04 p
d

0.01 0.02 0.03 0.04 0.05 0.06 0.07

0 0.8687 0.7536 0.6528 0.5647 0.4877 0.4205 0.3620

1 0.9916 0.9690 0.9355 0.8941 0.8470 0.7963 0.7436
S 2 0.9997 0.9975 0.9923 0.9833 0.9699 0.9522 0.9302

n = 14 3 1.0000 0.9999 0.9994 0.9981 0.9958 0.9920 0.9864

4 1.0000 1.0000 1.0000 0.9998 0.9996 0.9990 0.9980

 q➛

The Environmental Protection Agency (EPA) requires municipalities 
to regularly sample the water they provide in order to ensure safe 
drinking water. Contaminants are measured in units of parts per 
million (ppm) and parts per billion (ppb). Hortonville recently sam-
pled for lead, copper, nitrate, and arsenic. Following sand filtration 
(Figure 9.6), samples were collected at 20 different times during 
the past month.

Lead and copper, from sources such as corrosion of household 
plumbing systems and erosion of natural deposits, have permis-
sible levels of 15 ppb and 1.3 ppm, respectively. Nitrate can 
enter water sources through runoff from fertilizer use, leaching 
from septic tanks, sewage, and erosion of natural deposits. The 
nitrate permissible level is set at 10 ppm. Arsenic, from erosion 
of natural deposits, runoff from orchards, or glass and electronics 
production wastes, has a limit of 50 ppb.

The EPA requires testing only once per year for these con-
taminants because their concentration levels do not change 
frequently. Since water testing occurs relatively infrequently, 
the officials of Hortonville want to understand the probabilities 
associated with the contaminants. The binomial probability 
distribution is appropriate because the water is a steady stream 
and the outcome is seen as either a success or failure, either the 

contaminants are over the limit or they are not. First they set out 
to determine the probability that two or more samples will be 
found to have lead levels in excess of the limit of 15 ppb.

P(2 or more) = 1.00 - P(1 or fewer) = 1.00 - P(1) - P(0)

where

 d = number of nonconforming tests = 0, 1

 n = sample size = 20

 p = proportion of nonconforming tests = 0.05 from previous  
              testing

 q = proportion of good tests = 0.95

 P(1) =
20!

1!(20 - 1)!
 (0.05)1(0.95)19 = 0.38

 P(0) =
20!

0!(20 - 0)!
 (0.05)0(0.95)20 = 0.36

 P(2 or more) = 1.00 - P(1 or fewer) = 1.00 - 0.38 - 0.36 = 0.26

There is a 26 percent chance that the lead contaminant level 
in two or more of the next samples taken will be higher than the 
permissible limit of 15 ppb.

Drinking Water Quality rEal toolS for rEal lIFEq➛

FIGURE 9.6  Water Distribution Chart
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(continued)
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For copper, nitrate, and arsenic, the same type of calculations 
were made.

For copper:

where

 d = number of nonconforming tests = 0, 1
 n = sample size = 20
 p = proportion of nonconforming tests = 0.01 from previous  

             testing
 q = proportion of good tests = 0.99

P(2 or more) = 1.00 - P(1 or fewer) = 1.00 - P(1) - P(0) = 0.01

There is a 1 percent chance that two or more tests will contain 
concentrations of copper above the limit of 1.3 ppm.

For nitrate:

where

 d = number of nonconforming tests = 0, 1
 n = sample size = 20
 p = proportion of nonconforming tests = 0.04 from previous  

             testing
 q = proportion of good tests = 0.96

P(2 or more) = 1.00 - P(1 or fewer) = 1.00 - P(1) - P(0) = 0.19

There is a 19 percent chance that two or more tests will contain 
concentrations of nitrate above the limit of 10 ppm.

For arsenic:

where
 d = number of nonconforming tests = 0, 1
 n = sample size = 20
 p = proportion of nonconforming tests = 0.02 from previous  

             testing
 q = proportion of good tests = 0.98

P(2 or more) = 1.00 - P(1 or fewer) = 1.00 - P(1) - P(0) = 0.05

There is a 5 percent chance that two or more tests will contain 
concentrations of arsenic above the limit of 50 ppb.

These probabilities have given the officials a much better 
understanding of the possibilities that their constituents are 
drinking unsafe water. Due to the high probabilities associated 
with finding lead and nitrate in unacceptable concentrations in 
the drinking water, officials have begun work on a plan to improve 
the filtration system at the existing water treatment plant. They 
have also increased the rate at which samples are taken in order 
to better monitor the situation. q➛

Poisson Probability Distribution
First described by Simeon Poisson in 1837, the Poisson 
probability distribution quantifies the count of discrete 
events. To use the Poisson distribution successfully, it is 
important to identify a well-defined, finite region known 
as the area of opportunity in which the discrete, independ-
ent events may take place. This finite region, or area of 
opportunity, may be defined as a particular space, time, 
or product. The Poisson distribution is often used when 
calculating the probability that an event will occur when 
there is a large area of opportunity, such as in the case of 
rivets on an airplane wing. The Poisson distribution is also 
used when studying arrival-rate probabilities. The formula 
for the Poisson distribution is

P(c) =
(np)c

c!
 e-np

where

 np = average count or number of events in sample
 c = count or number of events in sample
 e ≈ 2.718281

Example 9.19 Using the Poisson Probability 
Distribution
Each week the manager of a local bank determines the 
schedule of working hours for the tellers. On average the 
bank expects to have two customers arrive every minute. 
What is the probability that three customers will arrive at 
any given minute?

P(3) =
23

3!
 e-2 = 0.18

where

 np = average number of customers in sample = 2

 c = number of customers in sample = 3

 e ≈ 2.718281

While calculating probabilities associated with the 
Poisson distribution is simpler mathematically than using 
either the hypergeometric or the binomial distribution, 
these calculations can be further simplified by using a 
Poisson table (Appendix 5). To establish the probability 
of finding an expected number of nonconformities (c) by 
using the table, np and c must be known. q➛
Example 9.20 Using a Poisson Table
The local branch office of a bank is interested in improv-
ing staff scheduling during peak hours. For this reason 
the manager would like to determine the probability that 
three or more customers will arrive at the bank in any given 
minute. The average number of customers arriving at the 
bank in any given minute is two.

P(3 or more customers arriving in any given minute)
= P(3) + P(4) + P(5) + P(6) + g

Since it is impossible to solve the problem in this fashion, 
Theorems 2 and 3 must be applied:

P(3 or more customers arriving in any given minute)
= 1 - P(2 or fewer) = 1 - [P(2) + P(1) + P(0)]

From the table in Appendix 5, np = 2, c = (2 or less). 
Using the column for cumulative values,

1 - 0.677 = 0.323
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Treat and Plate Corporation, a second-tier automotive supplier, 
heat-treats and plates vehicle body components. Over time, their 
incident, accident, and injury rates have been steadily climb-
ing. To reverse this trend, they have contacted the Bureau of 
Worker’s Compensation (BWC) and asked for a site evaluation. 
Site evaluations involve visits from the three service branches of 
the BWC: ergonomics, safety, and industrial hygiene. BWC repre-
sentatives visited Treat and Plate Corporation and studied plant 
operations.

Using Treat and Plate’s claims history and nature of injury 
data, they created a Pareto diagram of the number of injuries 
within type categories. Figure 9.7 shows Sprain Lumbar Region 
as the most frequently occurring injury and Sprain of Shoulder 
and Arm as the second. Past experience with other companies 
statewide has shown that Sprain Lumbar Region and Sprain of 
Shoulder and Arm are rarely seen at the top of a list. Usually, For-
eign Body in Eye or Open Wound of Finger lead the list.

Further investigation into the source of the sprains revealed 
that plant employees engage in a large amount of overhead work, 
including putting or pulling vehicle parts in and out of heat-treat-
ing units or plating vats. Workers frequently lift large parts, like 
hoods of cars, over waist height and sometimes up to face height. 
No lift assist devices exist anywhere in the plant. In this type of 
environment, Sprain of Shoulder and Arm and Sprain of Lumbar 
Region injuries are bound to happen and when they do, they are 
expensive injuries to treat.

Though Treat and Plate could clearly see that these two types 
of sprains were prevalent in their plant, unfortunately, like many 
employers, they see insurance costs to cover injuries as part of 

the cost of doing business. The BWC representatives know that 
money talks and they used their knowledge of probability to show 
Treat and Plate that with their current injury occurrence rate, they 
have a high probability of incurring these two types of injuries in 
the next 12 months. High incident rates equal higher insurance 
rates.

The BWC reps chose the Poisson distribution to use in their 
probability calculations because the Poisson distribution quanti-
fies counts of discrete events, like injuries. The plant, with its 
170 full-time and 75 part-time employees, is a well-defined finite 
region in which these discrete independent events take place, 
making the Poisson distribution applicable.

To calculate the probabilities associated with Sprain of Lum-
bar Region, the BWC reps first created a table showing the num-
ber of occurrences during each of the past six years (Table 9.3). 
From this data, they calculated np, the average number of Sprain 
of Lumbar Region occurrences during the past six years. Using 
this np value and the Poisson distribution, they created the Pois-
son probability distributions shown in Tables 9.4 and 9.5 and 
graphed in Figures 9.8 and 9.9.

For instance, the formula to calculate P(5), the probability 
that five Sprain of Lumbar Region injuries will occur, is:

P(5) =
(np)c

c!
 e-np =

(6.7)5

5!
 e-6.7 = 0.138

In other words, there is a 13.8 percent chance that five Sprain 
of Lumbar Region injuries will occur in Year 7. Table 9.4 shows 
calculations up to a dozen injuries, while Figure 9.8 shows both 
the probabilities and their cumulative sums. The probability 

Injury and Cost Predictions Based on Probabilities rEal toolS for rEal lIFEq➛

FIGURE 9.7  Pareto Diagram of Injuries Year 1–Year 6
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of having four, five, or six Sprain of Lumbar Region injuries is 
 relatively high, summing to:

P(4 or 5 or 6) = P(4) + P(5) + P(6) = 0.103 + 0.138 + 0.155 = 0.396

There is nearly a 40 percent chance of having four, five, or six 
Sprain of Lumbar Region injuries in 2007.

They repeated this process for Sprain of Shoulder and Arm 
(Table 9.7 and Figure 9.9). For instance, the probability of having 
exactly three Sprain of Shoulder and Arm injuries in the next year 
would be calculated as:

P(3) =
(np)c

c!
 e-np =

(3.3)3

3!
 e-3.3 = 0.221

Studying the data reveals that there is a 60.4 percent chance 
of having two, three, or four Sprain of Shoulder and Arm injuries 
happen in Year 7.

P(2 or 3 or 4) = P(2) + P(3) + P(4) = 0.201 + 0.221 + 0.182 = 0.604

c np P(c) Cum P(c)

0 3.3 0.036883 0.036883

1 3.3 0.121714 0.158598

2 3.3 0.200829 0.359426

3 3.3 0.220912 0.580338

4 3.3 0.182252 0.76259

5 3.3 0.120286 0.882877

6 3.3 0.066158 0.949034

7 3.3 0.031189 0.980223

8 3.3 0.012865 0.993088

9 3.3 0.004717 0.997805

10 3.3 0.001557 0.999362

11 3.3 0.000467 0.999829

12 3.3 0.000128 0.999958

tablE 9.5  Sprain of Shoulder/Arm 
 Probabilities of Occurrence

Year
Sprain Lumbar  

Region
Sprain  

Shoulder/Arm

Year 6 3 2

Year 5 4 2

Year 4 7 5

Year 3 6 3

Year 2 9 6

Year 1 11 2

Totals 40 20

np = 6.67 3.3

tablE 9.3  Sprains of Lumbar Region and 
Shoulder/Arm Occurrences

c np P(c) Cum P(c)

0 6.7 0.001231 0.001231

1 6.7 0.008247 0.009478

2 6.7 0.027628 0.037106

3 6.7 0.061702 0.098808

4 6.7 0.103351 0.202159

5 6.7 0.13849 0.340649

6 6.7 0.154648 0.495297

7 6.7 0.14802 0.643317

8 6.7 0.123967 0.767284

9 6.7 0.092286 0.85957

10 6.7 0.061832 0.921402

11 6.7 0.037661 0.959063

12 6.7 0.021027 0.98009

tablE 9.4  Sprain of Lumbar Region 
 Probabilities of Occurrence

FIGURE 9.8  Probability of Sprain of Lumbar Region
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Now that the probabilities are known, the BWC reps calculated 
the average costs associated with these types of injuries:

Sprain of Shoulder and Arm $8,850 per injury
Sprain of Lumbar Region $10,350 per injury

They also noted that the range associated with these values 
varied as much as $300 to $75,000 for Sprain of Shoulder and 
Arm and $200 to nearly $200,000 for Sprain of Lumbar Region.

Based on the high probabilities associated with these injuries 
and the high costs associated with treatment, Treat and Plate is 
engaging in job redesign to eliminate excessive lifting. Lift assists 
will also be added to many workstations. After all, the average 
cost of a lift assist device for their operations is $3,000, signifi-
cantly less than their expected losses due to injury.

FIGURE 9.9  Probability of Sprain of Shoulder and Arm
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q➛

or by calculation:

1 - J (2)2

2!
 e-2 +

(2)1

1!
 e-2 +

(2)0

0!
 e-2R

where

 np = average number of customers in sample = 2

 c = number of customers in sample = 0, 1, 2

 e ≈ 2.718281 q➛
The Poisson probability distribution is also an exact dis-

tribution. P(c) is the probability of exactly c nonconformi-
ties. The mean of the Poisson distribution is m = np. The 
standard deviation of the Poisson distribution is s = 2np.

CoNtINUoUS ProbabIlIty 
DIStrIbUtIoN

Normal Distribution
In situations where the data can take on a continuous range 
of values, a discrete distribution, such as the binomial, can-
not be used to calculate the probability that an event will 
occur. For these situations, the normal distribution, a con-
tinuous probability distribution, should be used. Covered 
in Chapter 5, this distribution is solved by finding the value 

of Z and using the Z tables in Appendix 1 to determine the 
probability an event will occur:

Z =
Xi - X

s
where

 Z = standard normal value
 Xi = value of interest
 X = average
 s = standard deviation

The values in the Z table can be interpreted either as fre-
quencies or as probability values. The mean of the normal 
is np. The standard deviation of the normal is 2npq.

Example 9.21 Using the Normal Distribution to 
Choose Tool Resharpening Times
A tool on a stamping press is expected to complete a large 
number of strokes before it is removed and reworked. As 
a tool wears, the dimensions of the stamped part change. 
Eventually, the parts are unable to meet specifications. 
As a tool wears, it is removed from the press and resharp-
ened. For this particular example, a combination of X and 
R charts is being used to monitor part dimensions. The X 
chart tracks the dimension of the part. After it reaches a 
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From the table in Appendix 1, the area to the left 
of 200,000 is equal to 0.9938. To find the area in 
question,

1 - 0.9938 = 0.0062

There is a probability of 0.62 percent that the car will 
last for more than 200,000 miles. q➛

DIStrIbUtIoN 
INtErrElatIoNSHIPS aND 
aPProXIMatIoNS
Under certain situations the binomial, Poisson, and nor-
mal probability distributions can be used to approximate 
another distribution. Calculations associated with the 
hypergeometric distribution can be simplified under certain 
circumstances by using the binomial as an approximation. 
This substitution works best if the sample size n is less than 
10 percent of the population lot size (n/N … 0.10). The 
hypergeometric can also be approximated by the Poisson, 
provided the following is true: n/N … 0.10, p … 0.10, and 
np … 5.

The Poisson distribution can be used to approxi-
mate the binomial distribution if three conditions can be 
met: The population of the lot can be assumed to be infi-
nite, the average fraction nonconforming (p) is less than 
0.10 (p … 0.10), and the value of np … 5.

Example 9.23 Using the Poisson  
Approximation to the Binomial
In Example 9.17, the binomial distribution was used to 
determine the probability that in a sample of size eight, 
one billing address will be incorrect. Use the Poisson 
approximation to the binomial to make the same cal-
culation. Assume that the population of bills is nearly 
infinite.

Since the billing department estimates that errors are 
made 2 percent of the time, p … 0.10. With a sample size 
of eight, np = (8 * 0.02) = 0.16; therefore, np … 5.

P(1) =
0.161

1!
 e-0.16 = 0.14

where

 np = average number of customers in sample

 = 0.16

 c = number of customers in sample = 1

 e ≈ 2.718281

From Example 9.18,

P(1) =
8!

1!(8 - 1)!
 0.0210.988 - 1 = 0.14

In this case, the Poisson is an excellent approximation to 
the binomial. q➛

certain point, the tool is pulled and reground. Those track-
ing the process have determined that the average number 
of strokes or parts the tool can complete is 60,000, with 
a standard deviation of 3,000. Determine the percentage 
of tools that will require regrinding before 55,000 strokes.

Figure 9.10 shows the normal probability distribu-
tion associated with this example. The area in question 
is shaded.

Z =
55,000 - 60,000

3,000
= -1.67

From the table in Appendix 1, the area to the left of 
55,000 is equal to 0.0475. Only 4.75 percent of the tools 
will last for fewer than 55,000 strokes. q➛
Example 9.22 Using Normal Distribution
If the normal operating life of a car is considered to be 
150,000 miles, with a standard deviation of 20,000 
miles, what is the probability that a car will last 200,000 
miles? Assume a normal distribution exists.

Figure 9.11 shows the normal probability distribu-
tion associated with this example. The area in question 
is shaded:

Z =
200,000 - 150,000

20,000
= 2.5

FIGURE 9.10  Normal Probability Distribution for 
Example 9.21

55,000 X = 60,000
s = 3,000

FIGURE 9.11  Normal Probability Distribution for 
Example 9.22

o = 150,000
u = 20,000

200,000
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where

 X = np = 10(0.3) = 3

 s = 2np(1 - p) = 210(0.3)(1 - 0.3) = 1.45

 P(1.5 … 2 … 2.5) =
1.5 - 3

1.45
… Z …

2.5 - 3
1.45

 -1.03 … Z … -0.34

Using the Z tables in Appendix 1,

P(1.5 … 2 … 2.5) = 0.22

This is a fairly close approximation to the binomial.
Use the normal approximation to the binomial to 

determine the probability that 2 or fewer visitors in a sam-
ple of 10 will ride on the train:

 P(2 or fewer) = P(0) + P(1) + P(2)

 P(0 … 2 or fewer … 2.5) =
0 - 3
1.45

… Z …
2.5 - 3

1.45

Using the Z tables in Appendix 1,

 -2.07 … Z … -0.34
 0.3669 - 0.0192 = 0.3477, rounded to 0.35

The same calculation performed using the binomial 
distribution will equal

P(2 or fewer) = 0.38

In this situation, the normal approximation is a fairly close 
approximation to the binomial. Had the normal approxima-
tion not been adjusted, the approximation would not be 
close to the true probability value:

 P(0 … 2) =
0 - 3
1.45

… Z …
2 - 3
1.45

 -0.69 … Z … -2.07

 0.2451 - 0.0192 = 0.23 q➛

SUMMary 

Probability, its theorems and distributions, plays an impor-
tant role in understanding situations that arise in quality. 
Probability concepts also support the creation of control 
charts for attributes, which will be covered in the next 
chapter. The binomial distribution serves as the founda-
tion for control charts for nonconforming units or activi-
ties. Control charts for nonconformities have the Poisson 
distribution as their basis.

q➛ lESSoNS lEarNED 

1. Seven theorems exist to explain probability.
2. Discrete and continuous probability distributions exist 

to describe the probability that an event will occur.
3. The hypergeometric, binomial, and Poisson distribu-

tions are all discrete probability distributions.

When p nears 0.5 and n Ú 10, the normal distribu-
tion can be used to approximate the binomial. Since the 
binomial distribution is discrete and the normal distri-
bution is continuous, adjustments must be made to the 
normal distribution calculations when using the normal 
distribution to approximate the binomial. In Figure 9.12, 
a frequency diagram has been constructed using bino-
mial data. The shaded cells in the figure are read as 
P(exactly 0) = 0.0282, P(exactly 1) = 0.1211, etc. A nor-
mal curve has been overlaid on the histogram. To use the 
normal distribution to approximate the probability of two 
nonconforming [P(2)], the area of a rectangle centered at 
2 must be determined. Since the normal distribution is a 
continuous distribution, to capture this information, the 
area between 1.5 and 2.5 must be calculated. Instead of 
determining P(2), we must find the P(1.5 … 2 … 2.5). In 
summary, to use the normal distribution to approximate 
the binomial, 0.5 must be added to and/or subtracted from 
the desired value according to the situation.

Example 9.24 Using the Normal Approximation 
to the Binomial
On average, 30 percent of the customers visiting a theme 
park take a ride on the train. Assume that visitors compose 
a steady stream and that they either ride on the train or 
they don’t. Use the binomial distribution to determine the 
probability that 2 out of 10 randomly chosen visitors to the 
park will ride on the train:

P(2) =
10!

2!(10 - 2)!
 0.3020.7010 - 2 = 0.23

There is a 23 percent chance that two visitors from a 
sample of 10 will ride the train.

Refer to Figure 9.12 and use the normal approxima-
tion to the binomial to calculate the same probability. To 
determine P(2), P(1.5 … 2 … 2.5) must be calculated. 
Using the normal distribution Z formula,

Z =
Xi - X

s

FIGURE 9.12  Binomial Distribution with Normal 
 Distribution Overlay
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HYPERGEOMETRIC PROBABILITY 
DISTRIBUTION

P(d) =
Cd

DCn - d
N - D

Cn
N

where

 D = number of nonconforming or defective  
                        nits in lot

 d = number of nonconforming or defective  
                        units in sample

 N = lot size
 n = sample size

 N - D = number of conforming units in lot
 n - d = number of conforming units in sample

BINOMIAL PROBABILITY DISTRIBUTION

P(d) =
n!

d!(n - d)!
 pdqn - d

where

 d = number of nonconforming units,    
                               defectives, or failures sought

 n = sample size
 p = proportion of nonconforming units,  

                               defectives, or failures in population
 q = (1 - p) = proportion of good or conforming  

                               units, or successes, in population

POISSON PROBABILITY DISTRIBUTION

P(c) =
(np)c

c!
 e-np

where

 np = average count or number of events in sample
 c = count or number of events in sample
 e ≈ 2.718281

NORMAL DISTRIBUTION

Z =
Xi - X

s
using the Z table in Appendix 1.

APPROXIMATIONS
 Hypergeometric distribution can be approximated by 
the binomial when n/N … 0.10.
 Hypergeometric distribution can be approximated by 
the Poisson when n/N … 0.10, p … 0.10, and np … 5.
 Binomial distribution can be approximated by the 
Poisson when the population of the lot is assumed to 
be infinite, p … 0.10, and np … 5.
 Binomial distribution can be approximated by the nor-
mal when p nears 0.5 and n Ú 10.

4. The normal distribution is a continuous probability 
distribution.

5. The binomial and Poisson distributions can be used to 
approximate the hypergeometric distribution.

6. The Poisson and normal distributions can be used to 
approximate the binomial distribution.

ForMUlaS 

P(A) =
number of occurrences

total number of possibilities
=

s
n

Theorem 1: Probability Is Expressed as a Number 
 Between 0 and 1:

0 " P(A) " 1

Theorem 2: The Sum of the Probabilities of the Events in 
a Situation Is Equal to 1.00:

ΣPi = P(A) + P(B) + P + P(N) = 1.00

Theorem 3: If P(A) Is the Probability That an Event A Will 
Occur, Then the Probability That A Will Not Occur Is

P(A′) = 1.00 − P(A)

Theorem 4: For Mutually Exclusive Events, the 
 Probability That Either Event A or Event B Will Occur 

Is the Sum of Their Respective Probabilities:

P(A or B) = P(A) + P(B)

Theorem 5: When Events A and B Are Not Mutually 
Exclusive Events, the Probability That Either Event A or 

Event B or Both Will Occur Is

P(A or B or both) = P(A) + P(B) − P(both)

Theorem 6: If A and B Are Dependent Events, the 
 Probability That Both A and B Will Occur Is

P(A and B) = P(A) : P(B ∣ A)

Theorem 7: If A and B Are Independent Events, Then the 
Probability That Both A and B Will Occur Is

P(A and B) = P(A) : P(B)

PERMUTATIONS

Pr
n =

n!
(n - r)!

COMBINATIONS

Cr
n =

n!
r!(n - r)!
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9. Suppose a firm makes couches in four different styles 
and three different fabrics. Use the table to calculate 
the probability that a couch picked at random will be 
made from fabric 1. If the couch is style 1, what is the 
probability that it will be made from fabric 2? What is 
the probability that a couch of style 4 will be selected 
at random? If a couch is made from fabric 3, what is 
the probability that it is a style 3 couch?

Fabric

Style F1 F2 F3 Total

S1 150 55 100 305

S2 120 25 70 215

S3 80 60 85 225

S4 110 35 110 255

Total 460 175 365 1,000

10. Use the information from Example 9.10 to calculate 
the following probabilities:
a. If the employee selected at random is male, what 

is the probability that he works for the shipping 
department?

b. If the employee selected at random is male, what 
is the probability that he works for the packing 
department?

c. Is the probability of being male independent?

HYPERGEOMETRIC PROBABILITY 
DISTRIBUTION

11. The owner of a local office supply store has just 
received a shipment of copy machine paper. As the 
15 cases are being unloaded off the truck, the owner 
is informed that one of the cases contains blue paper 
instead of white. Before the owner can isolate the case, 
it is mixed in with the other cases. There is no way to 
distinguish from the outside of the case which case 
contains blue paper. Since the cases sell for a different 
price than individual packages of paper, if the owner 
opens the case, it cannot be replaced (sold as a case). 
What is the probability that the manager will find the 
case that contains blue paper in one of the first three 
randomly chosen cases?

12. A robot is used to prepare cases of peanut butter for 
shipment. As the 12 cases are being loaded, two of the 
cases are dropped. Before the operator can isolate the 
cases, they are mixed in with the other cases. (This is 
the end of the production run, so there are no replace-
ment cases.) What is the probability that the operator 
will find the two broken cases in the first four ran-
domly chosen cases?

13. A rather harried father is trying to find a very popular 
doll for his daughter for Christmas. He has a choice of 10 
stores to go to. From a radio announcement, he learned 
that the doll can definitely be found at 4 of the 10 stores. 

CHaPtEr ProblEMS 

PROBABILITY THEOREMS

1. Select one of the probability topics covered in this 
chapter and discuss how it could apply to your work 
or home life. Provide relevant examples.

2. At a local county fair, the officials would like to give 
a prize to 100 people selected at random from those 
attending the fair. As of the closing day, 12,500 people 
have attended the fair and completed the entry form 
for the prize. What is the probability that an individual 
who attended the fair and completed the entry form 
will win a prize?

3. At the county fair, the duck pond contains eight yellow 
ducks numbered 1 to 8, six orange ducks numbered 1 
to 6, and ten gray ducks numbered 1 to 10. What is 
the probability of obtaining an orange duck numbered 
with a 5? Of obtaining an orange duck? Of obtaining 
a duck labeled with a 5?

4. If there are five different parts to be stocked but only 
three bins available, what is the number of permuta-
tions possible for five parts taken three at a time?

5. If a manufacturer is trying to put together a sample 
collection of her product and order is not important, 
how many combinations can be created with 15 items 
that will be placed in packages containing five items? 
If order is important, how many permutations can be 
created?

6. An assembly plant receives its voltage regulators from 
two different suppliers: 75 percent come from Hayes 
Voltage Co. and 25 percent come from Romig Voltage 
Co. The percentage of voltage regulators from Hayes 
that perform according to specification is 95 percent. 
The voltage regulators from Romig perform according 
to specification only 80 percent of the time. What is 
the probability that any one voltage regulator received 
by the plant performs according to spec?

7. If one of the voltage regulators from Problem 6 per-
formed according to spec, what is the probability that 
it came from Hayes?

8. A large apartment complex may house as many as 
500 tenants. Maintenance of the units is a full-time 
job. Most tenants treat their apartments with care, 
but some do not. To schedule maintenance work-
loads, one apartment complex tracks the probability 
of damage to their units. For their 300-tenant com-
plex, 150 tenants are undergraduate students, 75 are 
graduate students, and 75 are working people. Five 
percent of undergraduate student tenants may dam-
age their apartments, while only 1 percent of each 
of the other two categories of tenants will damage 
theirs. What is the probability that when inspecting 
an apartment, that particular apartment will have 
been damaged?
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to the United States during the 2003 to 2005 period 
was the hamster (69 million)! These animals arrive 
in the United States at one of four ports (New York, 
Cincinnati, Atlanta, San Francisco) in small batches. 
Inspectors from the CDC, FDA, and Fish and Wildlife 
check the animals to determine whether they are car-
rying infectious diseases. Five of the top six infectious 
diseases in our nation can be carried by these animals. 
Hantavirus, which can cause acute respiratory problems 
or death, is a dangerous one that they search for. During 
training, inspectors must test a shipment of 20 hamsters 
by randomly inspecting six of them. For this test, four 
hamsters with the disease have been placed in the group 
of 20. What is the probability that all four of these ham-
sters with hantavirus are found in the sample of six?

21. In a testing lab, IC chips are tested for their reliability. 
One critical test is to measure whether the chip per-
forms to specification. For instance, a chip specifica-
tion may state that the chip is supposed to switch 100 
million times per second but tests reveal that it can 
only switch 70 million times per second. The chips 
in this lab are not sold to the customer, thus they are 
sampled without replacement. Today the lab is testing 
a lot of 50 chips. Based on past performance data, the 
testers feel that as many as 15 chips in the lot may not 
meet specifications. Calculate the probability that 3 of 
10 chips tested fail to meet specifications.

22. Max’s Munchies makes cookies. Customers know when 
they munch on a Max’s Munchies chocolate chip cookie 
they will find a minimum of 15 chocolate chunks in 
each cookie. To maintain quality, the batch sizes are 
small (N = 36). Max himself samples 8 cookies a day 
to ensure they pass stringent quality tests. Recently 
though, the chocolate chip machine that feeds chips into 
the cookie dough has been acting up, as many as six 
defects have been found in a batch. Given this informa-
tion, what is the probability that in a random sample 
of 8, Max will find 3 cookies that don’t pass the test?

BINOMIAL PROBABILITY DISTRIBUTION

23. A steady stream of bolts is sampled at a rate of six per 
hour. The fraction nonconforming in the lot is 0.034. 
What is the probability that one or fewer of the six 
parts will be found nonconforming?

24. An environmental engineer places monitors in a large 
number of streams to measure the amount of pollut-
ants in the water. If the amount of pollutants exceeds 
a certain level, the water is considered nonconforming. 
In the past, the proportion nonconforming has been 
0.04. What is the probability that one of the 15 sam-
ples taken per day will contain an excessive amount 
of pollutants?

25. A steady stream of product has a fraction defective of 
0.03. What is the probability of obtaining 2 noncon-
forming in a sample of 20?

Unfortunately, he did not hear which four stores! If the 
store he stops at does not have the doll, he will leave with-
out buying anything; in other words, there is no replace-
ment. He has time to go to only 3 stores. What is the 
probability that he will find the doll in 2 or fewer stops?

14. A lot of 10 bottles of medicine has four nonconform-
ing units. What is the probability of drawing two non-
conforming units in a random sample of five? What is 
the probability that one or fewer nonconforming units 
will be chosen in a sample of five?

15. A group of 15 stock certificates contains 4 money-
making stocks and 11 stocks whose performance is 
not good. If two of these stocks are selected at random 
and given to an investor (without replacement), what 
is the probability that the investor received one money-
making stock?

16. Twenty water balloons are presented for inspection; 
four are suspected to have leaks. If two of these water 
balloons are selected at random without replacement, 
what is the probability that one balloon of the two 
selected has a hole in it?

17. A collection of 12 jewels contains 3 counterfeits. If 
two of these jewels are selected at random (without 
replacement) to be sold, what is the probability that 
neither jewel is counterfeit?

18. The local building inspector is planning to inspect 10 
of the most recently built houses for code violations. 
The inspector feels that 4 of the 10 will have viola-
tions. Those that fail the inspection will be judged not 
suitable for occupation (without replacement). In a 
sample of three, what is the probability that two of 
the houses will fail inspection?

19. Coating chocolate with a hard shell began with 
M&M’s during World War II. Coated candies were 
easier to transport because the coating prevented them 
from melting. Candy makers are very concerned about 
obtaining just the right mix of candies in each bag. They 
are also concerned about the appearance of their can-
dies. Defective candies are those that are not completely 
color coated, those that are cracked or chipped, those 
whose colors do not meet standards, and misshapen 
candies. Tasty Morsels, Inc. is testing a new process 
that coats the chocolate centers with a gentler rotating 
motion. They are hoping that this new method will ena-
ble them to have fewer candies that are misshapen or 
damaged. The manufacturer of the equipment believes, 
based on past experience, that the defectives in the lot 
should be D = 1. During the runoff of the machine, the 
engineers are planning a small run of just enough can-
dies to fill 12 bags. If they were to take a sample of just 
3 bags, what is the probability that one nonconforming 
bag (a bag with defective candy) will be found?

20. During the past three years, 650 million animals were 
imported into the United States (that’s two for every 
U.S. resident). The animal most frequently imported 

M09B_SUMM3273_06_SE_C09.indd   318 10/28/16   5:45 PM



Probability      319

34. When producing IC chips, one quality inspection 
checks the functionality of the chip. This means that 
the chip is tested to determine whether it works or 
doesn’t work. Though broken into manageable lot 
sizes, these IC chips are produced in a steady stream, 
day after day, week after week. Although chip mak-
ing is a delicate process, recent process quality perfor-
mance has been quite good, running at a rate of 0.008. 
At the end of the manufacturing process, regular sam-
ples of size 16 are tested. Calculate the probability that 
in a sample size of 16, more than one chip will be 
found that fails the test.

POISSON PROBABILITY DISTRIBUTION

35. A receptionist receives an average of 0.9 calls per min-
ute. Find the probability that in any given minute there 
will be at least one incoming call.

36. If on the average 0.3 customers arrive per minute at 
a cafeteria, what is the probability that exactly three 
customers will arrive during a five-minute span?

37. A computer software company’s emergency call ser-
vice receives an average of 0.90 calls per minute. Find 
the probability that in any given minute there will be 
more than one incoming call.

38. A local bank is interested in the number of customers 
who will visit the bank in a particular time period. 
What is the probability that more than two customers 
will visit the bank in the next 10 minutes if the average 
arrival rate of customers is three every 10 minutes?

39. The Tasty Morsel Company wants to study the candy 
bag inspector’s testing rate. Sample bags are opened 
and the contents checked. Inspectors can get very busy 
when production increases shortly before any holiday. 
From past experience, the inspectors have their work-
stations set up to handle two new bags arriving every 
minute on average. Find the probability that in any 
given minute, the inspectors will have to deal with five 
bags arriving to be inspected.

40. During the past three years, 650 million animals were 
imported to the United States. The Fish and Wildlife 
Service has a file on each and every animal. This  figure 
includes 62 million tiny monkeys called Macaques. 
Consider the files kept by the Fish and Wildlife Service 
a large area of opportunity and calculate the probabil-
ity that if 30 files (n = 30) were sampled, 2 or fewer 
of these files would be reports on Macaques.

41. Staffing a large busy restaurant is a challenging job. 
Too many servers at times when there are few cus-
tomers wastes money. Too few servers when there are 
many customers results in slow service. A local restau-
rant offers an early bird special. They attract, on aver-
age, 90 customers per hour. Some nights that number 
is higher, some nights lower. The manager would like 
to calculate the probability of two or more customers 
arriving in a given minute.

26. Returning to Example 9.18, what is the probability that 
more than four tiles will be damaged in a shipment?

27. A steady stream of newspapers is sampled at a rate of 
six per hour. The inspector checks the newspaper for 
printing legibility. If the first page of the paper is not 
clearly printed, the paper is recycled. Currently, the 
fraction nonconforming in the lot is 0.030. What is 
the probability that two of the six papers checked will 
be nonconforming?

28. An assembly line runs and produces a large number 
of units. At the end of the line an inspector checks 
the product, labeling it as either conforming or non-
conforming. The average fraction of nonconforming 
is 0.10. When a sample of size 10 is taken, what is 
the probability that 5 nonconforming units will occur?

29. An insurance company processes claim forms on a con-
tinuous basis. These forms, when checked by adjusters, 
are either filed as written or, if there is an error, returned 
to sender. Current error rates are running at 10 percent. 
In a sample of six, what is the probability that more 
than two claims will be rejected because of errors?

30. A random sample of three bottles is selected from 
the running conveyor system. When the bottles are 
inspected, they are either properly labeled or they are 
not. Rejected bottles are scrapped. The proportion 
nonconforming is 0.25. What is the probability of there 
being one or fewer nonconforming units in the sample?

31. Plastic milk containers are produced by a machine that 
runs continuously. If 5 percent of the containers pro-
duced are nonconforming, determine the probability 
that out of four containers chosen at random, less than 
two are nonconforming.

32. Through a purchase card tracking system, a local super-
market is able to determine who shopped at their store 
during any given day. The store is popular, attracting 
a steady stream of customers. At the end of each day, 
store personnel call 10 customers to find out about their 
shopping experience. There are two categories of cus-
tomers: those with no complaints and those with com-
plaints. Any customer who has a complaint, such as not 
being able to find a particular product or having to wait 
too long in line, is considered a defective for the store. 
The store tracks this information and uses it to improve 
store operations. While striving for perfection, the store 
managers realize that it isn’t possible to make everyone 
happy. In the past, the probability of a customer with 
a complaint is 0.003. Calculate the probability that on 
any evening, two or fewer customers have complaints.

33. RQM manufactures control panels for washers, dry-
ers, cooktops, and microwaves. Surface appearance 
is very critical to a customer’s overall impression of 
the product. For this reason, control panels that don’t 
meet standards are destroyed (recycled). Current pro-
duction failure rates are running at 0.5 percent. Calcu-
late the probability that 1 or fewer control panels will 
be scrapped in a sample of 40.
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accidents involving 10 or more vehicles. Over the past 
25 years, the average number of accidents involving 
10 or more cars is 7 per year. The standard devia-
tion is 4. Assume that the distribution is approxi-
mately normal and determine (a) the percentage of 
years accumulating fewer than 4 multi-car accidents 
and (b) the percentage of years having more than 12 
multi-car accidents.

APPROXIMATIONS

46. Use the Poisson approximation to the binomial to 
calculate the answer to Problem 29. Is this a good 
approximation?

47. Use the Poisson approximation to the binomial to 
calculate the answer to Problem 30. Is this a good 
approximation?

48. Use the Poisson approximation to the binomial to 
calculate the answer to Problem 24. Is this a good 
approximation?

49. Use the normal approximation to the binomial to cal-
culate the answer to Problem 28. How good is the 
approximation?

50. Use the normal approximation to the binomial to cal-
culate the answer to Problem 31. How good is the 
approximation?

42. Proofreading a textbook is not an easy task. After a 
while, all the words start to run together. Thousands 
of characters appear in a printed textbook like the 
one used in this class. In this large area of opportu-
nity, proofreaders perform the critical task of locating 
typographical errors on printed matter. On average, a 
textbook contains 20 errors. Determine the probability 
of the proofreader finding two or fewer of the errors 
present in a text.

43. In a hospital emergency room, waiting for a doctor is 
not unusual. JQOS Hospital is trying hard to limit the 
amount of time a patient waits to see a doctor. In the 
past, the average number of people per day who have 
had to wait longer than 15 minutes is 1.0. They would 
like to know the probability that there are two or more 
people who have had to wait longer than 15 minutes.

NORMAL PROBABILITY DISTRIBUTION

44. The mean weight of a company’s racing bicycles is 
9.07 kg, with a standard deviation of 0.40 kg. If the 
distribution is approximately normal, determine (a) 
the percentage of bicycles weighing less than 8.30 kg 
and (b) the percentage of bicycles weighing between 
8.00 and 10.10 kg.

45. Multi-car accidents often result in fatalities. Across 
the nation, records are kept of the total number of 
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information is missing. Key information includes the stu-
dent’s local or permanent address, a course number or title, 
program or area of study, etc. When incorrect forms are 
received by the registrar’s office they are sent back to the 
student for correction. This process delays the student’s reg-
istration. While methods, forms, and instructions have been 
improving, the registrar feels that 5 percent of the forms are 
filled out incorrectly. To help continue improving the forms 
and instructions, he has 10 forms sampled each day to de-
termine the types of errors being made. This information is 
shared with a quality improvement team whose members 
are currently working on improving the existing forms.

q➛  aSSIGNMENt

Given that the process has a fraction nonconforming (p) 
of 5 percent (p = 0.05), what is the probability that in a 
sample of 10 forms, 3 or fewer will be found with errors?

PART 3
For the three weeks prior to the beginning of every term 
and for the first two weeks of the term, the registrar’s of-
fice is very busy. To help determine staffing needs, the reg-
istrar decides to study the number of students and/or par-
ents utilizing the office’s services during any given minute. 
From past experience he knows that on average three new 
customers arrive every minute.

q➛  aSSIGNMENt

Find the probability that in any given minute, five new 
customers will arrive. What is the probability that more 
than seven new customers will arrive in a given minute?

q➛ CaSE StUDy 9.1 

Probability

PART 1
The registrar’s office at a nearby university handles thou-
sands of student class registrations every term. To take care 
of each student’s needs efficiently and correctly, the registrar 
sees to it that a significant amount of time is spent in train-
ing the staff. Each staff member receives one of two types of 
training: A refresher course is given for current employees, 
and a general training course is given for new hires.

At the end of each of the training courses, a short exam 
tests the staff member’s ability to locate errors on a reg-
istration form. A group of 15 registration forms contains 
5 forms with errors. During the test, the staff member 
is asked to randomly select 4 forms and check them for 
errors. The sampling is to be done without replacement.

A major concern of those administering the test is that 
the forms with errors will not be selected by the staff mem-
ber who is randomly selecting 4 forms.

q➛  aSSIGNMENt

Find the probability that in a lot of 15 forms, a sample of 
4 forms will have no errors.

PART 2
The registrar receives a steady stream of registration forms 
for the three weeks prior to each term. While the office 
tries to provide easy-to-comprehend forms with complete 
instructions, a few forms are completed that are incor-
rect. Forms are considered incorrectly filled out if any key 

M09B_SUMM3273_06_SE_C09.indd   321 10/28/16   5:45 PM



322 CHAPTER NINE

unexpectedly, the tool maintenance area may not have time 
to work on it immediately. Presses without tools don’t run, 
and if they are not running, they are not making money. 
As the process engineer studying tool wear, you must 
develop a prediction for when the tool should be pulled 
and resharpened.

The following information is available from the tool 
maintenance department.

 j The average number of strokes for a tool is 45,000.
 j The standard deviation is 2,500 strokes.
 j A punch has a total of 25 mm that can be ground off 

before it is no longer useful.
 j Each regrind to sharpen a punch removes 1 mm of 

punch life.
 j The cost to regrind is

2 hours of press downtime to remove and reinsert 
tool, at $300 per hour
5 hours of tool maintenance time, at $65 per hour
5 hours of downtime while press is not being used, 
at $300 per hour

 j The average wait time for unplanned tool regrind is 
15 hours at $300 per hour.

 j Because of the large number of strokes per tool 
regrind, this is considered to be a continuous distri-
bution. The normal curve probability distribution is 
applicable.

q➛  aSSIGNMENt

One percent of the tools wear out very early in their 
expected productive life. Early tool wearout—and, thus, an 
unplanned tool pull—can be caused by a variety of factors, 
including changes in the hardness of the material being 
punched, lack of lubrication, the hardness of the tool steel, 
and the width of the gap between the punch and the die. 
Key part dimensions are monitored using X and R charts. 
These charts reveal when the tool needs to be reground in 
order to preserve part quality. Use the normal probability 
distribution and the information provided to calculate the 
number of strokes that would result in an early wearout 
percentage of 1 percent or fewer. If the plant manager 
wants the tool to be pulled for a regrind at 40,000 strokes, 
what is the chance that there will be an early tool wearout 
failure before the tool reaches 40,000 strokes?

PART 2
Now that you have been at Max’s B-B-Q Inc. for a while, 
the plant manager asks you to assist the production sched-
uling department with pricing data on a high volume job 
requiring knife blades for the company’s best customer. 
As you know, it is the plant manager’s philosophy to be 
proactive when scheduling tool maintenance (regrinds) 
rather than have to unexpectedly pull the tool. However, 
pricing will be a very important factor in selling this job 

q➛ CaSE StUDy 9.2 

Normal Probability Distribution

This case is the first of three related cases found in Chap-
ters 9, 10, and 13. These cases seek to link information 
from the three chapters in order to resolve quality issues. 
Although they are related, it is not necessary to complete 
the case in this chapter in order to understand or complete 
the cases in the following chapters.

PART 1
Max’s B-B-Q Inc. manufactures top-of-the-line barbeque 
tools. The tools include forks, spatulas, knives, spoons, 
and shish-kebab skewers. Max’s fabricates both the metal 
parts of the tools and the resin handles. These are then riv-
eted together to create the tools (Figure C9.2.1). Recently, 
Max’s hired you as a process engineer. Your first assign-
ment is to study routine tool wear on the company’s stamp-
ing machine. In particular, you will be studying tool-wear 
patterns for the tools used to create knife blades.

In the stamping process, the tooling wears slightly 
during each stroke of the press as the punch shears 
through the material. As the tool wears, the part fea-
tures become smaller. The knife has specifications of 
10 mm { 0.025 mm; undersized parts must be scrapped. 
The tool can be resharpened to bring the parts produced 
back into specification. To reduce manufacturing costs and 
simplify machine scheduling, it is critical to pull the tool 
and perform maintenance only when absolutely necessary. 
It is very important for scheduling, costing, and quality 
purposes that the average number of strokes, or tool run 
length, be determined. Knowing the average number of 
strokes that can be performed by a tool enables routine 
maintenance to be scheduled.

It is the plant manager’s philosophy that tool main-
tenance be scheduled proactively. When a tool is pulled 

FIGURE C9.2.1  Barbeque Tools
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inventory, minimizing production disruption, and mini-
mizing cost, how many strokes should you recommend to 
run this tool before pulling for a regrind?

Create a graph that shows the number of unplanned pulls 
versus the number of strokes. The graph should comprise 
at least six data points. Next, complete the spreadsheet in 
Figure C9.2.2 showing the costs of each individual’s plan. 
Using the graph and the spreadsheet, prepare a response 
for the question, How many strokes should the tool be 
run before pulling it for a regrind? Your analysis should 
include answers to the following questions: How will this 
number balance tool use, cost, inventory, and production 
disruption? What are the economics of this situation?

to the customer. Essentially, the plant manager wants no 
unplanned tool pulls, but sales needs pricing cost reduc-
tions. The production scheduler would like a tool regrind 
schedule that results in minimal inventory.

q➛  aSSIGNMENt

You will soon be meeting with the plant manager and the 
managers from sales and production scheduling. They are 
expecting you to have an answer to the question: Given 
the need to balance maximizing tool use, minimizing 

Plant  
Manager

Production  
Scheduler

Sales  
Manager You

Strokes 
before Pull 40,000 42,000 43,000

Number of 
Pulls

25 25 25

Production 
over Life 
of Tool

1,000,000 1,050,000 1,075,000

Cost of 
Each Pull $2,425 $2,425 $2,425 $2,425

Additional 
Cost of an 
Unplanned 
Pull

$4,500 $4,500 $4,500 $4,500

Chance of 
Unplanned 
Pulls

Total Addi-
tional Cost 
Due to 
Unplanned 
Pulls

Total Cost

FIGURE C9.2.2  Spreadsheet of Individual Plan Costs
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C H A P T E R
T E N

MAJOR TOPICS
 j Attributes
 j Charts for Nonconforming Units
 j Charts for Counts of Nonconformities
 j Summary
 j Lessons Learned
 j Formulas
 j Chapter Problems
 j Case Study 10.1 Attribute Control 
Charts: np Charts

 j Case Study 10.2 Attribute Control 
Charts: u Charts

QualiTy CoNTrol CharTs 
for aTTribuTEs

Service providers strive to give their customers what 
they want. How does a hotel or other service industry 
keep track of the quality of the services they are pro-
viding? What is the best way for a company to study 
the number of complaints or returns? How does a firm 
assess the nonconforming product being produced? 
Attribute charts, discussed in this chapter, can assist 
in monitoring processes providing goods or services. 
These charts can be used whenever counts or percent-
ages of nonconformities can be obtained. Attribute 
charts enable users to track performance, monitor pro-
cess stability, and discover where improvements can 
be made.

q➛  L E A R N I N G  O P P O R T U N I T I E S

1. To learn how to construct fraction nonconforming (p) 
charts for both constant and variable sample sizes

2. To learn how to construct number nonconforming (np) 
charts

3. To learn how to construct percent nonconforming 
charts

4. To learn how to construct charts for counts of noncon-
formities (c charts)

5. To learn how to construct charts for nonconformi-
ties per unit (u charts) for both constant and variable 
sample sizes

6. To understand how to interpret p, np, c, and u charts

Igorkol_ter/Fotolia
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chart is also known as a fraction defective chart or p chart. 
A nonconforming or defective product or service is con-
sidered unacceptable because of some deviation from an 
expected level of performance. For a p chart, nonconformi-
ties render the product or service unusable and therefore 
nonconforming. Sometimes called “charts for defective or 
discrepant items,” these charts are used to study situations 
where the product or service can be judged to be good 
or bad, correct or incorrect, working or not working. For 
example, a container is either leaking or it is not, an engine 
starts or it does not, and an order delivered to a restaurant 
patron is either correct or incorrect.

Because of the structure of their formulas, p charts can 
be constructed using either a constant or variable sample 
size. A p chart for constant sample size is constructed using 
the following steps:

1. Gather the data. In constructing any attribute 
chart, careful consideration must be given to the process 
and what characteristics should be studied. The choice of 
the attributes to monitor should center on the customer’s 
needs and expectations as well as on current and potential 
problem areas. Once the characteristics have been identi-
fied, time must be spent to define the acceptance criteria. 
When gathering the data concerning the attributes under 
study, identify nonconforming units by comparing the 
inspected product with the specifications. The number 
nonconforming (np) is tracked. Since a p chart studies the 
proportion or fraction of a process that is nonconforming, 
acceptance specifications should clearly state the expecta-
tions concerning conformance. In some cases, go/no-go 
gauges are used; in others, pictures of typical conforming 
and nonconforming products are helpful. In the service 
industry, details of incorrect bills, faulty customer service, 
or other performance criteria should be clearly established.

Once the characteristics have been designated for study 
and a clear understanding has been reached about what 
constitutes a conforming product or service, there are two 
aspects to gathering the data that must be dealt with: the 
sample size n and the frequency of sampling. The sample 
sizes for attribute charts tend to be quite large (for exam-
ple, n = 250). Large sample sizes are required to main-
tain sensitivity to detect process performance changes. The 
sample size should be large enough to include nonconform-
ing items in each subgroup. When process quality is very 
good, large sample sizes are needed to capture information 
about the process. When selected, samples must be random 
and representative of the process.

2. Calculate p, the fraction nonconforming. The frac-
tion nonconforming (p) is plotted on a fraction noncon-
forming chart. As the products or services are inspected, 
each subgroup will yield a number nonconforming (np). 
The fraction nonconforming (p), plotted on the p chart, is 
calculated using n, the number of inspected items, and np, 
the number of nonconforming items found:

p =
np
n

aTTribuTEs
Attributes are characteristics associated with a product or ser-
vice. These characteristics either do or do not exist, and they 
can be counted. Examples of attributes include the number 
of leaking containers, of scratches on a surface, of on-time 
deliveries, or of errors on an invoice. Attribute charts are used 
to study the stability of processes over time, provided that 
a count of nonconformities can be made. Attribute charts 
are used when measurements may not be possible or when 
measurements are not made because of time or cost issues.

Attribute data are relatively easy and inexpensive to 
collect. The product, when studied, either conforms to 
specifications or it does not. The most difficult part about 
collecting attribute data lies in the need to develop precise 
operational definitions of what is conforming and what 
is not. For instance, at first glance, creating specifications 
to judge the surface finish of a television screen appears 
straightforward. The surface should be free from flaws and 
imperfections. Simple enough, until questions arise con-
cerning how an imperfection will be identified.

Attribute charts have some disadvantages. They do not 
give any indication about why the nonconformity occurred, 
nor do the charts provide much detail. The charts do not 
provide information to answer such questions as: Do several 
nonconformities exist on the same product? Is the product 
still usable? Can it be reworked? What is the severity or 
degree of nonconformance? The charts measure the increases 
and decreases in the level of quality of the process but pro-
vide little information about why the process changes.

Types of Charts
When nonconformities are investigated, two conditions 
may occur. The product or service may have a single non-
conformity or several that prevent it from being used. 
These conditions are called “nonconforming.” In other 
situations, the nonconforming aspect may reduce the desir-
ability of the product but not prevent its use; consider, for 
example, a dented washing machine that still functions as 
expected. These are called “nonconformities.” When the 
interest is in studying the proportion of products rendered 
unusable by their nonconformities, a fraction nonconform-
ing (p) chart, a number nonconforming (np) chart, or a 
percent nonconforming chart should be used. When the 
situation calls for tracking the count of nonconformities, a 
number of nonconformities (c) chart or a number of non-
conformities per unit (u) chart is appropriate.

CharTs for  
NoNCoNforMiNG uNiTs

Fraction Nonconforming (p) Charts: Constant 
Sample Size
The fraction nonconforming chart is based on the bino-
mial distribution and is used to study the proportion of 
nonconforming products or services being provided. This 
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Similarly, a trend toward zero nonconforming or shift in 
level that lowers the fraction of nonconforming should be 
investigated.

The process capability is the p, the centerline of the 
control chart.

Example 10.1 Special Plastics: Making a p Chart 
with Constant Sample Size
Special Plastics, Inc. has been making the blanks for 
credit cards for a number of years. They use p charts to 
keep track of the number of nonconforming cards that are 
created each time a batch of blank cards is run. Use the 
data in Table 10.1 to create a fraction nonconforming (p) 
chart.

Step 1. Gather the Data. The characteristics that have 
been designated for study include blemishes on the card’s 
front and back surfaces, color inconsistencies, white spots 
or bumps caused by dirt, scratches, chips, indentations, or 
other flaws. Several photographs are maintained at each 
operator’s workstation to provide a clear understanding of 
what constitutes a nonconforming product.

 Batches of 15,000 blank cards are run each day. Sam-
ples of size 500 are randomly selected and inspected. The 
number of nonconforming units (np) is recorded on data 
sheets (Table 10.1).

Step 2. Calculate p, the Fraction Nonconforming. After 
each sample is taken and the inspections are complete, the 
fraction nonconforming (p) is calculated using n = 500, 

3. Plot the fraction nonconforming (p) on the control 
chart. Once calculated, the values of p for each subgroup 
are plotted on the chart. The scale for the p chart should 
reflect the magnitude of the data.

4. Calculate the centerline and control limits. The 
centerline of the control chart is the average of the sub-
group fraction nonconforming. The number nonconform-
ing values are added up and then divided by the total 
number of samples:

Centerline p =
an
i = 1

np

an
i = 1

n

The control limits for a p chart are found using the 
following formulas:

 UCLp = p + 3 
2p(1 - p)2n

 LCLp = p - 3 
2p(1 - p)2n

On occasion, the lower control limit of a p chart may 
have a negative value. When this occurs, the result of the 
LCLp calculation should be rounded up to zero.

5. Draw the centerline and control limits on the 
chart. Using a solid line to denote the centerline and 
dashed lines for the control limits, draw the centerline and 
control limits on the chart.

6. Interpret the chart. The interpretation of a frac-
tion nonconforming chart is similar in many aspects to the 
interpretation of a variables control chart. As with vari-
ables charts, when interpreting attribute charts emphasis is 
placed on determining if the process is operating within its 
control limits and exhibiting random variation. As with a 
variables control chart, the data points on a p chart should 
flow smoothly back and forth across the centerline. The 
number of points on each side of the centerline should be 
balanced, with the majority of the points near the cen-
terline. There should be no patterns in the data, such as 
trends, runs, cycles, or sudden shifts in level. All of the 
points should fall between the upper and lower control 
limits. Points beyond the control limits are immediately 
obvious and indicate an instability in the process. One dif-
ference between the interpretation of a variables control 
chart and a p chart is the desirability in the p chart of 
having points that approach the lower control limits. This 
makes sense because quality improvement efforts reflected 
on a fraction nonconforming chart should show that the 
fraction nonconforming is being reduced, the ultimate goal 
of improving a process. This favorable occurrence should 
be investigated to determine what was done right and 
whether there are changes or improvements that should 
be incorporated into the process on a permanent basis. 

Subgroup Number n np p

1 500 20 0.040

2 500 21 0.042

3 500 19 0.038

4 500 15 0.030

5 500 18 0.036

6 500 20 0.040

7 500 19 0.038

8 500 28 0.056

9 500 17 0.034

10 500 20 0.040

11 500 19 0.038

12 500 18 0.036

13 500 10 0.020

14 500 11 0.022

15 500 10 0.020

16 500 9 0.018

17 500 10 0.020

18 500 11 0.022

19 500 9 0.018

20 500  8 0.016

10,000 312

TablE 10.1 Data Sheet: Credit Cards

M10_SUMM3273_06_SE_C10.indd   326 10/28/16   8:01 PM



Quality Control Charts for Attributes      327

 pnew =
an
i = 1

np - npd

an
i = 1

n - nd

 UCLpnew
= pnew + 3 

2pnew(1 - pnew)2n

 LCLpnew
= pnew - 3 

2pnew(1 - pnew)2n

The process capability of the revised chart is the newly 
calculated pnew.

In some cases improvements are made to the process 
that dramatically alter the process. Under these circum-
stances, it is appropriate to revise the centerline and control 
limits by removing all the points prior to the change and 
calculating a new centerline and control limits working only 
with the points that occurred after the changes were made.

Example 10.2 Special Plastics: Revising the p Chart 
Special Plastics, Inc. has been involved in several quality 
improvement efforts that have resulted in the change in 
level seen in Figure 10.1. Recently a new machine has 
been installed and is currently being used to improve the 
printing and color consistency. This system safeguards 
against dirt in the printing ink and prevents white spots 
from appearing on the cards. Since the new equipment 
has been installed, the number of nonconforming cards 
has decreased (Figure 10.1). Those monitoring the process 
want to calculate a new centerline and control limits using 
only the data following the process changes; that is, points 
1 through 12 should be removed. Revise the control limits 
and determine the new process capability:

 pnew =
an
i = 1

np - npd

an
i - 1

n - nd

 =
312 - 20 - 21 - 19 - 15 - g - 18

10,000 - 12(500)
 = 0.020

 UCLpnew
= pnew + 3 

2pnew(1 - pnew)2n

 = 0.020 + 3 
20.020(1 - 0.020)2500

 = 0.039

 LCLpnew
= pnew - 3 

2pnew(1 - pnew)2n

 = 0.020 - 3 
20.020(1 - 0.020)2500

 = 0.001

The process capability of the revised chart is 0.020, 
the newly calculated pnew. In the future, the process 
will be expected to conform to the new limits shown in 
 Figure 10.2. q➛

and np, the number of nonconforming items. (Here we work 
p to three decimal places.) For example, for the first value,

p =
np
n

=
20

500
= 0.040

The remaining calculated p values are shown in Table 10.1.

Step 3. Plot the Fraction Nonconforming on the Con-
trol Chart. As they are calculated, the values of p for 
each subgroup are plotted on the chart. The p chart in 
 Figure 10.1 has been scaled to reflect the magnitude of 
the data.

Step 4. Calculate the Centerline and Control Limits. The 
centerline of the control chart is the average of the sub-
group fraction nonconforming. The number of nonconform-
ing values from Table 10.1 are added up and then divided 
by the total number of samples:

Centerline p =
an
i = 1

np

an
i = 1

n
=

312
20(500)

= 0.031

 The control limits for a p chart are found using the fol-
lowing formulas:

 UCLp = p + 3 
2p(1 - p)2n

 = 0.031 + 0.023 = 0.054

 LCLp = p - 3 
2p(1 - p)2n

 = 0.031 - 0.023 = 0.008

Step 5. Draw the Centerline and Control Limits on the 
Chart. The centerline and control limits are then drawn on 
the chart (Figure 10.1), with a solid line denoting the cen-
terline and dashed lines the control limits.

Step 6. Interpret the Chart. The process capability for this 
chart is p, 0.031, the centerline of the control chart. Point 
8 in Figure 10.1 is above the upper control limit and should 
be investigated to determine if an assignable cause exists. 
If one is found, steps should be taken to prevent future 
occurrences. When the control chart is studied for any non-
random conditions, such as runs, trends, cycles, or points 
out of control, connecting the data points can help reveal 
any patterns. Of great interest is the significant decrease in 
the fraction nonconforming after point 13. This reflects the 
installation of a new machine. q➛

Revising the p Chart Once an assignable cause has been 
isolated and the process has been modified to prevent its 
recurrence, then the centerline and control limits can be 
recalculated to reflect the changes. The points that have 
been isolated as due to an assignable cause will be removed 
from the calculations. To revise the centerline and control 
limits of a p chart,
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 UCLp = 0.020 + 3 
20.020(1 - 0.020)2115

= 0.059

 UCLp = 0.020 + 3 
20.020(1 - 0.020)2105

= 0.061

 UCLp = 0.020 + 3 
20.020(1 - 0.020)295

= 0.063

Notice that the values for the upper control limits change 
slightly for each different sample size. As the sample size 
decreases, the control limits get wider. As the sample size 
increases, the control limits get tighter. Larger sample  
sizes enable us to learn more about the process and what it 
produces. The tighter control limits are a reflection of this 
increased knowledge. This concept also applies to sample 
sizes for X, R, or s charts.

 LCLp = p - 3 
2p(1 - p)2n

 = 0.020 - 3 
20.020(1 - 0.020)2100

= -0.022 = 0

Since the lower control limits for each different sample size 
yield values less than zero, they will all be rounded to zero. 
Figure 10.3 presents calculated upper and lower control 
limits.

Step 5. Draw the Centerline and Control Limits on the 
Chart. Draw the centerline on the chart using a solid line, 

Fraction Nonconforming (p) Charts: Variable 
Sample Size
In a manufacturing or service industry it is not always 
possible to sample the same amount each time. When the 
amount sampled varies, fraction nonconforming charts can 
be easily adapted to varying sample sizes. Constructing a 
p chart in which the sample size varies requires that the 
control limits be calculated for each different sample size, 
changing the value for n in the control limit calculations 
each time a different sample size is taken. Calculating the 
centerline does not change. Control charts with variable 
subgroup sizes are interpreted on the basis of where the 
point falls in relation to the centerline and each point’s 
respective control limits.

Example 10.3 Making a p Chart with Variable 
Sample Size
A local grocery has started to survey customers as they 
leave the store. The survey is designed to determine if 
the customer had a pleasant experience while shopping. 
A nonconforming visit is one in which the customer has 
a complaint such as not being able to find a particular 
item; receiving unfriendly service; waiting too long to be 
served at the deli, meat, bakery, or seafood counter; or 
otherwise not having their expectations met. Since the 
number of customers surveyed varies from day to day, a 
fraction nonconforming control chart for variable sample 
size is chosen.

Step 1. Gather the Data. Table 10.2 shows the results of 
four weeks of sampling.

Step 2. Calculate p, the Fraction Nonconforming, for Each 
of the Samples. For this example, the values are calculated 
to three decimal places. For example, for the second sample,

p =
np
n

=
1

100
= 0.010

Table 10.2 presents the calculated p values.

Step 3. Plot the Fraction Nonconforming (p) on the Control 
Chart (Figure 10.3).

Step 4. Calculate the Centerline and Control Limits.

Centerline p =
an
i = 1

np

an
i = 1

n
=

48
2385

= 0.020

At this point the control limits must be calculated for each 
different sample size. The control limits for this p chart are 
found using the following formulas and varying the sample 
size as needed. For example:

 UCLp = p + 3 
2p(1 - p)2n

 UCLp = 0.020 + 3 
20.020(1 - 0.020)2120

= 0.058

Subgroup Number n np p

1 120 0 0.000

2 100 1 0.010

3 105 6 0.057

4 110 1 0.009

5  95 1 0.011

6 110 2 0.018

7 115 0 0.000

8 110 1 0.009

9 100 0 0.000

10 100 2 0.030

11 110 1 0.009

12 105 3 0.028

13 110 0 0.000

14 115 2 0.017

15 120 7 0.058

16 110 2 0.018

17 105 1 0.010

18 110 2 0.018

19 105 0 0.000

20 110 1 0.009

21 115 8 0.069

22 105 7 0.067

TablE 10.2 Data Sheet: Grocery Store
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smaller sample size, will be wider than the limits calculated 
for nave. Therefore, there is no need to check the specific 
value of the individual control limits; the point, which is 
under control for the average limit, will be under control 
for the individual limits.

Case II In Case II, the point falls inside the control limits 
calculated using nave, and in this case nind 7 nave. Anytime 
a greater number of items is investigated, the limits will 
contract toward the centerline. A larger number of samples 
taken tells the user more about the process, thus enabling 
the process to be more discerning between good and bad 
quality. So in this case, the control limits associated with 
the individual value will be narrower than the control lim-
its created using nave. Under these circumstances, the indi-
vidual control limits should be calculated and the point 
checked to see if it is in control.

Case III In Case III, the point falls outside the control 
limits for nave, and nind 7 nave. Because nave is less than 
the sample size for the individual data point, the nave limits 
are more forgiving than are those for the individual sample 
size. If the point is out of control for the nave limits, then 
it will also be out of control for the narrower nind limits. 
There is no need to calculate the specific individual limits 
because the point will be out of control for both.

Case IV In Case IV, the point is also out of control. Here 
nind 6 nave. Since the individual sample size is less than 
that of the average sample size, the control limits for the 
individual sample will be wider than those for the average 
sample. The point should be tested to determine if it falls 
out of the control limits for its individual sample size.

Example 10.4 Calculating Control Limits for a p 
Chart Using nave 
To simplify calculations, the grocer in Example 10.3 has 
decided to create a control chart using nave. Using the data 
provided in Table 10.2, he creates a fraction nonconform-
ing control chart using nave. He will study the chart and 
interpret it using the four cases.

Begin by calculating nave:

 nave =
an
i = 1

n

m
=

120 + 100 + 105 + 110 + g+ 110 + 115 + 105
22

 = 108.4, which is rounded to 108

Verify that the values for n in Table 10.2 do not exceed 
108 { 25 percent.

Calculate the centerline and control limits:

 Centerline p =
an
i = 1

np

an
i = 1

n
=

48
2385

= 0.020

 UCLp = 0.020 + 3 
20.020(1 - 0.020)2108

= 0.060

 LCLp = 0.020 - 3 
20.020(1 - 0.020)2108

= -0.020 = 0

just as before. The dashed lines for the control limits will 
increase and decrease according to the sample size.

Step 6. Interpret the Chart. Control charts with variable 
subgroup sizes are interpreted on the basis of where the 
point falls in relation to the centerline and each point’s re-
spective control limits. Unusual patterns are interpreted as 
before. In this chart (Figure 10.3), there are two points out 
of control at the end of the chart (points 21 and 22) but no 
unusual patterns. q➛

Calculating p Chart Control Limits Using nave Calculat-
ing control limits for each different sample size is time-
consuming, especially if it must be done without the aid of 
a computer. To simplify the construction of a fraction non-
conforming chart, nave can be used. The value nave can be 
found by summing the individual sample sizes and dividing 
by the total number of times samples were taken:

nave =
am
i = 1

n

m

The value nave can be used whenever the individual sample 
sizes vary no more than 25 percent from the calculated 
nave. If, in a group of samples, several of the sample sizes 
vary more than 25 percent from nave, then individual limits 
should be calculated and used to study the process.

Larger sample sizes provide more information about 
process quality than smaller sample sizes. With a larger 
number of samples, more of the production is being stud-
ied, thus providing more information. Because of this, you 
may have already noticed that when sample sizes are large, 
the control limits are tighter. This is because you know 
more about what is being produced. The standard devia-
tion will also be smaller, reflecting greater confidence in the 
information. When sample sizes are small, we really don’t 
get a very complete picture of the process. For this reason, 
the control limits are wider, allowing for a larger margin 
for error, a wider estimate of where the product produced 
in the future will fall. A small sample size also results in a 
larger standard deviation. This relationship holds true for 
both variables and attributes data.

Control limits calculated using nave are based on the 
average value of all of the individual sample sizes. Points 
lying above or near the control limits must be scrutinized 
to determine whether their individual sample size will 
affect the interpretation of the point’s location. Those 
values near the upper control limits indicate a situation 
where the quality of the product or service has deterio-
rated; it is those points that should be studied in an effort 
to determine the causes. Points near the centerline receive 
less emphasis because of their proximity to the average 
fraction nonconforming. The interpretation of a fraction 
nonconforming chart created using nave can be simplified 
by the use of four cases.

Case I A Case I situation occurs if the point falls inside 
the limits, but relatively close to the upper control limit, 
and nind 6 nave. Here the individual limits, created using a 
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to properly interpret the chart using the four cases and to 
check that a particular sample size does not vary more than 
25 percent from nave.

Revising the p Chart p charts with variable sample sizes 
are revised in a manner similar to those revised with a 
constant sample size. Undesired values for p are removed 
using the formula

pnew =
an
i = 1

np - npd

an
i = 1

n - nd

If a point is removed when calculating pnew, its cor-
responding nave should also be removed. The new nave is 
used when calculating the new control limits:

 nave =
an
i = 1

n - nd

m - md

 UCLpnew
= pnew + 3 

2pnew(1 - pnew)2nave

 LCLpnew
= pnew - 3 

2pnew(1 - pnew)2nave

The process capability of the revised chart is the newly 
calculated pnew.

Example 10.5 Revising a p Chart Using nave 
Assume that assignable causes for points 21 and 22 have 
been determined and process modifications are in place 
to prevent future recurrences. Remove these points from 
the calculations and compute the revised centerline and 
control limits for Example 10.4.

Recalculating nave,

 nave =
an
i = 1

n - nd

m - md
=

2385 - 115 - 105
22 - 1 - 1

 =
2165

20
= 108

The new centerline and control limits become

 pnew =
an
i = 1

np - npd

an
i = 1

n - nd

=
48 - 8 - 7

2385 - 115 - 105
=

33
2165

= 0.015

 UCLpnew
= 0.015 + 3 

20.015(1 - 0.015)2108
= 0.050

 LCLpnew
= 0.015 - 3 

20.015(1 - 0.015)2108
= -0.02 = 0

The process capability of the revised chart is 0.015, the 
newly calculated fraction nonconforming.  q➛

After calculating the limits and placing them on the 
chart (Figure 10.4), check the points nearest to the upper 
control limit, using the four cases, to determine if they are 
under control. From Figure 10.4, check points 3, 15, 21, 
and 22 against the cases.

Case I A Case I situation occurs if the point falls inside 
the limits, but relatively close to the upper control limit, 
and nind 6 nave. Point 3 (0.057) on the chart is close to 
the upper control limit of 0.060. Because the individual 
limits are created using a smaller sample size, the indi-
vidual limits will be wider than the limits calculated for 
nave. There is no need to check the specific value of the 
individual control limits for point 3. It is under control for 
the average limit and will be under control for the indi-
vidual limits.

Case II In Case II, the point falls inside the control limits 
calculated using nave, and nind 7 nave. Point 15 (0.058) 
fits this situation. Since a greater number of parts has been 
investigated (120 versus 108), the limits for point 15 will 
contract toward the centerline. In this case, the control 
limits associated with the individual value will be narrower 
than the control limits created using nave, and the individ-
ual control limits will need to be calculated and the point 
checked to see if it is in control:

UCLp = 0.020 + 3 
20.020(1 - 0.020)2120

= 0.058

Point 15 is on the upper control limit and should be inves-
tigated to determine the cause behind such a high level of 
nonconforming product.

Case III In Case III, the point falls outside the control lim-
its for nave, and nind 7 nave. Point 21, with a value of 0.069 
and a sample size of 115, fits this situation. The nave con-
trol limits will not be as tight as those for the individual 
sample size. Since the point is out of control for the nave 
limits, then it will also be out of control for the narrower 
nind limits. There is no need to calculate the specific indi-
vidual limits.

Case IV In Case IV, the point is also out of control, and 
nind 6 nave. Point 22 has a value of 0.067. In this case the 
individual sample size is less than the average sample size 
(105 versus 108). When calculated, the control limits for 
the individual sample will be wider than those of the aver-
age sample. Point 22 will need to be tested to determine 
if it falls out of the control limits for its individual sample 
size:

UCLp = 0.020 + 3 
20.020(1 - 0.020)2105

= 0.061

Point 22 is out of control and should be investigated.
 q➛
When comparing Examples 10.3 and 10.4, note that 

significantly fewer calculations are necessary when using 
nave. To apply nave to a control chart, care must be taken 
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The interpretation of this chart (Figure 10.5) will be 
the same as that for Example 10.1. The process capa-
bility for the chart is 3.1 percent, the centerline of the 
control chart. Point 8 is above the upper control limit 
and should be investigated to determine if an assign-
able cause exists. A pattern exists on the chart: there 
is a significant decrease in the percent nonconform-
ing after point 13, reflecting the installation of a new  
machine. q➛

Number Nonconforming (np) Chart
A number nonconforming (np) chart tracks the number 
of nonconforming products or services produced by a pro-
cess. A number nonconforming chart eliminates the calcu-
lation of p, the fraction nonconforming.

1. Gather the data. We must apply the same data-
gathering techniques we used in creating the p chart:

 j Designate the specific characteristics or attributes 
for study

 j Clearly define nonconforming product
 j Select the sample size n
 j Determine the frequency of sampling
 j Take random, representative samples

Those studying the process keep track of the number of 
nonconforming units (np) by comparing the inspected 
product with the specifications.

Percent Nonconforming Chart
Percent nonconforming charts are another variation on the 
fraction nonconforming (p) chart. Under certain circum-
stances they are easier to understand than the traditional p 
chart. Constructing a percent nonconforming chart is very 
similar to the construction of a fraction nonconforming 
chart, but here the p values are changed to a percentage by 
multiplying by a factor of 100.

The centerline for a percent nonconforming chart is 
100p. The control limits are

 UCL100p = 100Jp +
32p(1 - p)2n

R
 LCL100p

= 100Jp -
32p(1 - p)2n

R
A percent nonconforming chart is interpreted in the 

same manner as is a fraction nonconforming chart. The 
process capability of a percent nonconforming chart is the 
centerline or average percent nonconforming. Percent non-
conforming charts are interpreted in the same manner as 
fraction nonconforming charts. The points on a percent 
nonconforming chart should flow smoothly back and forth 
across the centerline with a random pattern of variation. 
The number of points on each side of the centerline should 
be balanced, with the majority of the points near the center-
line. There should be no patterns in the data, such as trends, 
runs, cycles, points beyond the upper control limit, or sud-
den shifts in level. Points approaching or going beyond the 
lower control limits are desirable. They mark an improve-
ment in quality and should be studied to determine their 
cause and to ensure that it is repeated in the future. The 
process capability is 100p, the centerline of the chart.

Example 10.6 Making a Percent 
Nonconforming Chart
The managers at Special Plastics feel that a percent non-
conforming chart may be more understandable for their 
employees. Create a percent nonconforming chart using 
the information presented in Example 10.1. The values to 
be plotted have been converted to percent and are given 
in Table 10.3. The centerline for a percent nonconform-
ing chart is

100p = 100(0.031) = 3.1%

where

p =
312

10,000

The control limits for a percent nonconforming 
chart are

 UCL100p = 100J0.031 +
320.031(1 - 0.031)2500

R = 5.4%

 LCL100p = 100J0.031 -
320.031(1 - 0.031)2500

R = 0.8%

Subgroup 
Number n np p 100p

1 500 20 0.040 4.0

2 500 21 0.042 4.2

3 500 19 0.038 3.8

4 500 15 0.030 3.0

5 500 18 0.036 3.6

6 500 20 0.040 4.0

7 500 19 0.038 3.8

8 500 28 0.056 5.6

9 500 17 0.034 3.4

10 500 20 0.040 4.0

11 500 19 0.038 3.8

12 500 18 0.036 3.6

13 500 10 0.020 3.0

14 500 11 0.022 2.2

15 500 10 0.020 2.0

16 500 9 0.018 1.8

17 500 10 0.020 2.0

18 500 11 0.022 2.2

19 500 9 0.018 1.8

20     500   8 0.016 1.6

10,000 312

TablE 10.3 Data Sheet: Special Plastics
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trucks are shown in Table 10.4. The values of np for each 
subgroup are plotted on the chart in Figure 10.6, which has 
been scaled to reflect the magnitude of the data.

Step 3. Calculate the Centerline and Control Limits. The 
average of the total number nonconforming is found by add-
ing up the number of nonconforming values and dividing by 
the total number of samples. The example is worked to two 
decimal places:

Centerline np =
an
i = 1

np

m
=

73
20

= 3.65

 The control limits for an np chart are found using the 
following formulas:

 p =
an
i = 1

np

an
i = 1

n
=

73
1000

= 0.073

 UCLnp = np + 32np(1 - p)

 = 3.65 + 323.65(1 - 0.073) = 9.17

 LCLnp = np - 32np(1 - p)

 = 3.65 - 323.65(1 - 0.073) = -1.87 = 0

Step 4. Draw the Centerline and Control Limits on the 
Chart. Figure 10.6 uses a solid line to denote the center-
line and dashed lines for the control limits.

2. Plot the number of nonconforming units (np) on 
the control chart. Once counted, the values of np for each 
subgroup are plotted on the chart. The scale for the np 
chart should reflect the magnitude of the data.

3. Calculate the centerline and control limits. The cen-
terline of the control chart is the average of the total number 
nonconforming. The number nonconforming (np) values are 
added up and then divided by the total number of samples:

Centerline np =
an
i = 1

np

m
The control limits for an np chart are found using the fol-
lowing formulas:

 UCLnp = np + 32np(1 - p)

 LCLnp = np - 32np(1 - p)

On occasion, the lower control limit of an np chart may 
have a negative value. When this occurs, the result of the 
LCLnp calculation should be rounded up to zero.

4. Draw the centerline and control limits on the 
chart. Using a solid line to denote the centerline and 
dashed lines for the control limits, draw the centerline and 
control limits on the chart.

5. Interpret the chart. Number nonconforming (np) 
charts are interpreted in the same manner as are fraction 
nonconforming charts. The points on an np chart should 
flow smoothly back and forth across the centerline with 
a random pattern of variation. The number of points on 
each side of the centerline should be balanced, with the 
majority of the points near the centerline. There should be 
no patterns in the data, such as trends, runs, cycles, points 
above the upper control limit, or sudden shifts in level. 
Points approaching or going beyond the lower control lim-
its are desirable. They mark an improvement in quality and 
should be studied to determine their cause and to ensure 
that it is repeated in the future. The process capability is 
np, the centerline of the control chart.

Example 10.7 PCC Inc.: Making an np Chart
PCC Inc. receives shipments of circuit boards from its sup-
pliers by the truckload. They keep track of the number of 
damaged, incomplete, or inoperative circuit boards found 
when the truck is unloaded. This information helps them 
make decisions about which suppliers to use in the future.

Step 1. Gather the Data. The inspectors have a clear 
understanding of what constitutes a nonconforming cir-
cuit board by comparing the inspected circuit boards with 
standards. The nonconforming units are set aside to be 
counted. For the purposes of this example, each shipment 
contains the same number of circuit boards.

Circuit boards are randomly sampled from each truck-
load with a sample size of n = 50.

Step 2. Plot the Number of Nonconforming Units (np) on 
the Control Chart. The results for the 20 most recent 

Subgroup  
Number n np

1 50 4

2 50 6

3 50 5

4 50 2

5 50 3

6 50 5

7 50 4

8 50 7

9 50 2

10 50 3

11 50 1

12 50 4

13 50 3

14 50 5

15 50 2

16 50 5

17 50 6

18 50 3

19 50 1

20 50 2

TablE 10.4 Data Sheet: PCC Inc.
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pane of glass or two specks of dirt on an 8 1/2 * 11@inch 
sheet of paper. Count-of-nonconformities charts can com-
bine the counts of a variety of nonconformities, such as 
the number of mishandled, dented, missing, or unidentified 
suitcases to reach a particular airport carousel. A constant 
sample size must be used when creating a count of non-
conformities (c) chart.

1. Gather the data. A clear understanding of the 
nonconformities to be tracked is essential for successfully 
applying a count-of-nonconformities chart. Gathering 
the data requires that the area of opportunity of occur-
rence for each sample taken be equal, n = 1. The rate of 
occurrences of nonconformities within a sample or area of 
opportunity (area of exposure) is plotted on the c chart. 
For this reason, the size of the piece of paper or fabric, the 
length of the steel, or the number of units must be equal 
for each sample taken. The number of nonconformities will 
be determined by comparing the inspected product or ser-
vice with a standard and counting the deviations from the 
standard. On a c chart, all nonconformities have the same 
weight, regardless of the type of nonconformity. The area 
of opportunity for these nonconformities should be large, 
with a very small chance of a particular nonconformity 
occurring at any one location.

2. Count and plot c, the count of the number of non-
conformities, on the control chart. As it is inspected, each 
item or subgroup will yield a count of the nonconformities 
(c). It is this value that is plotted on the control chart. The 
scale for the c chart should reflect the number of noncon-
formities discovered.

3. Calculate the centerline and control limits. The 
centerline of the control chart is the average of the sub-
group nonconformities. The number of nonconformities 

Step 5. Interpret the Chart. A study of Figure 10.6 reveals 
that the chart is under control. The points flow smoothly 
back and forth across the centerline. The number of points 
on each side of the centerline are balanced, with the major-
ity of the points near the centerline. There are no trends, 
runs, cycles, or sudden shifts in level apparent in the data. 
All of the points fall between the upper and lower control 
limits. q➛

CharTs for CouNTs of 
NoNCoNforMiTiEs
Charts for counts of nonconformities monitor the number 
of nonconformities found in a sample. Nonconformities 
represent problems that exist with the product or service. 
Nonconformities may or may not render the product or 
service unusable. Two types of charts recording noncon-
formities may be used: a count of nonconformities (c) chart 
or a count of nonconformities per unit (u) chart. As the 
names suggest, one chart is for total nonconformities in the 
sample, and the other chart is nonconformities per unit.

Number of Nonconformities (c) Chart
The number of nonconformities chart, or c chart, is used 
to track the count of nonconformities observed in a single 
unit of product or single service experience, n = 1. Charts 
counting nonconformities are used when nonconformities 
are scattered through a continuous flow of product such 
as bubbles in a sheet of glass, flaws in a bolt of fabric, dis-
colorations in a ream of paper, or services such as mistakes 
on an insurance form or errors on a bill. To be charted, 
the nonconformities must be expressed in terms of what 
is being inspected, such as four bubbles in a 3-square-foot 

KeepCool Inc. supplies heating/ventilating and air conditioning 
(HVAC) systems to the automotive industry. During the past four 
months, KeepCool received 24 warranty claims concerning their 
HVAC systems. Customers complained that when they attempted 
to change the HVAC airflow setting from foot to face mode, the 
unit did not function properly. Switching vent locations was also 
accompanied by a loud grating sound. At dealer repair shops, 
repair personnel checked the linkage of the switching mechanism 
and servomotors, trying to solve the problem. Often, they would 
find failed servomotors and replace them. Despite their efforts, the 
 grating sound and poor operating characteristics returned.

The number of warranty claims on this issue has been stead-
ily increasing throughout the past year. At the assembly facility, 
corrective action teams got to work to determine the root cause of 
the problem. They employed an np chart to track the number of 
cars in the sample experiencing this problem (Figure 10.7). This 
chart enabled them to determine the full extent of the problem. 
On average, four cars exhibited the grating sound and poor oper-
ating characteristics when switching vent locations. The process, 

as shown by the chart, is under control; so this level of defectives 
can be expected in the future.

Several HVAC units were disassembled to determine what 
might be causing the binding condition evidenced by the noises 
made during operation. The team found that the damper door and 
its case were out of specification for damper door clearance. This 
binding caused the servomotors to fail as they tried to provide 
enough force to move the door. Unfortunately, this meant that the 
HVAC system in customer vehicles had to be replaced, because 
simply replacing the affected servomotor would not fix the prob-
lem. Further investigation revealed that the heater case was out 
of specification on the low side. The small case, combined with 
the case mounting location also being 2 mm out of specifica-
tion, resulted in the door/case binding condition customers were 
experiencing. Process changes were made to ensure that future 
vehicles would not experience this problem. Based on the large 
number of cars experiencing this problem, as evidenced by the 
np chart, KeepCool recalled this particular HVAC system and 
replaced the affected HVAC systems, a costly proposition.

Warranty Claims Investigation Using np Charts rEal Tools for rEal lifEq➛

(continued)
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recorded in Table 10.5. This value is then plotted on the 
control chart shown in Figure 10.8.

Step 3. Calculate the Centerline and Control Limits. The 
centerline of the control chart is the average of the sub-
group nonconformities. The number of nonconformities is 
added up and then divided by the total number of rolls of 
paper inspected:

Centerline c =
an
i = 1

c

m
=

210
20

= 10.5 rounded to 11

 The control limits for a c chart are found using the fol-
lowing formulas:

 UCLc = c + 32c

 = 11 + 3211 = 21

 LCLc = c - 32c

 = 11 - 3211 = 1

Step 4. Draw the Centerline and Control Limits on the Chart. 
Using a solid line to denote the centerline and dashed lines 
for the control limits, draw the centerline and control limits 
on the chart (Figure 10.8).

Step 5. Interpret the Chart. Point 6 is out of control and 
should be investigated to determine the cause of so many 
nonconformities. There are no other patterns present on the 
chart. Except for point 6, the chart is performing in a very 
steady manner. q➛

are added up and then divided by the total number of 
subgroups:

Centerline c =
an
i = 1

c

m

The control limits for a c chart are found using the 
following formulas:

 UCLc = c + 32c

 LCLc = c - 32c

On occasion, the lower control limit of a c chart may 
have a negative value. When this occurs, the result of the 
LCLc calculation should be rounded up to zero.

4. Draw the centerline and control limits on the 
chart. Using a solid line to denote the centerline and 
dashed lines for the control limits, draw the centerline and 
control limits on the chart.

5. Interpret the chart. Charts for counts of noncon-
formities are interpreted similarly to interpreting charts for 
the number of nonconforming occurrences. The charts are 
studied for changes in random patterns of variation. There 
should be no patterns in the data, such as trends, runs, 
cycles, or sudden shifts in level. All of the points should 
fall between the upper and lower control limits. The data 
points on a c chart should flow smoothly back and forth 
across the centerline and be balanced on either side of the 
centerline. The majority of the points should be near the 
centerline. Once again it is desirable to have the points 
approach the lower control limits or zero, showing a reduc-
tion in the count of nonconformities. The process capabil-
ity is c, the average count of nonconformities in a sample 
and the centerline of the control chart.

Example 10.8 Pure and White: Making a c Chart
Pure and White, a manufacturer of paper used in copy 
machines, monitors their production using a c chart. Paper 
is produced in large rolls, 12 ft long and with a 6 ft diam-
eter. A sample is taken from each completed roll, n = 1, 
and checked in the lab for nonconformities. Nonconformi-
ties have been identified as discolorations, inconsistent 
paper thickness, flecks of dirt in the paper, moisture con-
tent, and ability to take ink. All of these nonconformities 
have the same weight on the c chart. A sample may be 
taken from anywhere in the roll so the area of opportunity 
for these nonconformities is large, while the overall quality 
of the paper creates only a very small chance of a particu-
lar nonconformity occurring at any one location.

Step 1. Gather the Data (Table 10.5).

Step 2. Count and Plot c, the Count of the Number of 
Nonconformities, on the Control Chart. As each roll is in-
spected, it yields a count of the nonconformities (c) that is 

TablE 10.5 Data Sheet: Pure and White Paper

Sample Number c

1 10

2 11

3 12

4 10

5 9

6 22

7 8

8 10

9 11

10 9

11 12

12 7

13 10

14 11

15 10

16 12

17 9

18 10

19 8

20   9

210
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sample sizes. To create a number of nonconformities per 
unit chart:

1. Gather the data.

2. Calculate u, the number of nonconformities per 
unit. As it is inspected, each sample of size n will yield 
a count of nonconformities (c). The number of noncon-
formities per unit (u), used on the u chart, is calculated 
using n, the number of inspected items, and c, the count of 
nonconformities found:

u =
c
n

This value is plotted on the control chart.

3. Calculate the centerline and control limits. The 
centerline of the u chart is the average of the subgroup non-
conformities per unit. The number of nonconformities are 
added up and then divided by the total number of samples:

Centerline u =
an
i = 1

c

an
i = 1

n

The control limits for the u chart are found using the 
following formulas:

 UCLu = u + 3 
2u2n

 LCLu = u - 3 
2u2n

On occasion, the lower control limit of a u chart may 
have a negative value. When this occurs, the result of the 
LCLu calculation should be rounded to zero.

4. Draw the centerline and control limits on the chart. 
Using a solid line to denote the centerline and dashed lines 
for the control limits, draw the centerline and control limits 
on the chart.

Revising the c Chart If improvements have been made to 
the process or the reasons behind special cause situations 
have been identified and corrected, c charts can be revised 
using the following formulas:

 Centerline cnew =
an
i = 1

c - cd

m - md

 UCLcnew
= cnew + 32cnew

 LCLcnew
= cnew - 32cnew

Example 10.9 Pure and White: Revising a c Chart 
The Pure and White paper manufacturer investigated the 
out of control point on the count of nonconformities (c) 
chart in Figure 10.8 and determined that a new operator 
had not added sufficient bleach to the pulp mixing tank. 
The operator was retrained in how to mix the correct com-
bination of chemicals to make Pure and White paper. To 
revise the chart and determine the process capability, Pure 
and White followed this procedure:

 Centerline cnew =
an
i = 1

c - cd

m - md
=

210 - 22
20 - 1

= 10

 UCLcnew
= cnew + 32cnew

 = 10 + 3210 = 20

 LCLcnew
= cnew - 32cnew

 = 10 - 3210 = 0.5  q➛

Number of Nonconformities per Unit (u) 
Charts: Constant Sample Size
A number of nonconformities per unit, or u chart, is a 
chart that studies the number of nonconformities in a unit 
(n 7 1). The u chart is very similar to the c chart; however, 
unlike c charts, u charts can also be used with variable 

Accidents and injuries come from two sources: unsafe acts com-
mitted by people and the presence of physical or mechanical 
hazards. Injuries on the job are expensive. Besides the direct costs 
of an accident, those related to medical bills, hospital expenses, 
downtime, compensation, liability claims, etc., there are indirect 
costs, such as morale, claim management time, etc. Management 
should assume responsibility for safety because they are in the best 
position to effect change in the workplace. Effective organizations 
manage their safety programs using methods and tools similar to 
quality assurance.

Experience has shown that there is a direct relationship 
between the cost of a medical claim and the number of days 
it takes to file that claim with an insurance company. Smart 

companies manage the filing of claims related to on-the-job inju-
ries as carefully as they manage production. JRPS uses c charts 
to track both the lag time associated with filing a claim and medical 
costs associated with a claim. Each of the values in Figures 10.9  
and 10.10 represent an individual case (n = 1), so a c chart is 
applicable.

The most noteworthy aspect of these charts is that when 
the lag time increased, so did the dollar amount associated 
with the claim. JRPS needs to identify what changed in the 
system that caused the significant increase in the lag time for 
filing claims that resulted in higher claims costs. What would 
their performance and costs have been if the lag times hadn’t 
increased?

Managing Claim Filing Lag Time at JRPS rEal Tools for rEal lifEq➛

(continued)
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 = 0.026 + 3 
20.0262400

= 0.05

 LCLu = u - 3 
2u2n

 = 0.026 - 3 
20.0262400

= 0.001

Step 4. Create and Draw the Centerline and Control Limits 
on the Chart. Using a solid line to denote the centerline 
and dashed lines for the control limits, draw the centerline 
and control limits on the chart. Values for u are plotted on 
the control chart (Figure 10.11).

Step 5. Interpret the Chart. Except for point 16, the chart 
appears to be under statistical control. There are no runs or 
unusual patterns. Point 16 should be investigated to deter-
mine the cause of such a large number of nonconformities 
per unit. q➛

Number of Nonconformities per Unit (u) 
Charts: Variable Sample Size
When the sample size varies, nave is used in the formulas 
just as it was when creating fraction nonconforming charts 
for variable sample size. The sample sizes must not vary 
more than 25 percent from nave. If there is greater variance, 
then the individual control limits for the samples must be 
calculated.

5. Interpret the chart. A u chart is interpreted in the 
same manner as is a p, np, or c chart. The chart should 
be studied for any nonrandom conditions such as runs, 
trends, cycles, or points out of control. The data points 
on a u chart should flow smoothly back and forth across 
the centerline. The number of points on each side of the 
centerline should be balanced, with the majority of the 
points near the centerline. Quality improvement efforts 
are reflected on a u chart when the count of nonconformi-
ties per unit is reduced, as shown by a trend toward the 
lower control limit and therefore toward zero noncon-
formities. When using variable sample sizes, follow the 
same procedure as used in creating and interpreting a p 
chart with variable sample sizes. Once again, when nave is 
used, the sample sizes must not vary more than 25 percent 
from nave. The process capability is u, the centerline of 
the control chart, the average number of nonconformities 
per unit.

Example 10.10 Special Plastics: Making a u 
Chart with Constant Sample Size
At Special Plastics, Inc. small plastic parts used to con-
nect hoses are created on a separate production line from 
the credit card blanks. Special Plastics, Inc. uses u charts 
to collect data concerning the nonconformities per unit in 
the process.

Step 1. Gather the Data. During inspection, a random 
sample of size 400 is taken once an hour. The hose connec-
tors are visually inspected for a variety of nonconformities, 
including flashing on inner diameters, burrs on the part ex-
terior, incomplete threads, flashing on the ends of the con-
nectors, incorrect plastic compound, and discolorations.

Step 2. Calculate u, the Number of Nonconformities per 
Unit. Table 10.6 shows the number of nonconformities 
(c) that each subgroup of sample size n = 400 yielded. 
The number of nonconformities per unit (u) to be plotted 
on the chart is calculated by dividing c, the number of non-
conformities found, by n, the number of inspected items. 
Working the example to three decimal places, for the first 
sample,

u1 =
c
n

=
10

400
= 0.025

Step 3. Calculate the Centerline and Control Limits. The 
centerline of the u chart is the average of the subgroup non-
conformities per unit. The number of nonconformities are 
added up and then divided by the total number of samples:

Centerline u =
an
i = 1

c

an
i = 1

n
=

210
20(400)

= 0.026

 Find the control limits for the u chart by using the fol-
lowing formulas:

 UCLu = u + 3 
2u2n

Subgroup  
Number N c u

1 400 12 0.030

2 400 7 0.018

3 400 10 0.025

4 400 11 0.028

5 400 10 0.025

6 400 12 0.030

7 400 9 0.023

8 400 10 0.025

9 400 8 0.020

10 400 9 0.023

11 400 10 0.025

12 400 11 0.028

13 400 12 0.030

14 400 10 0.025

15 400 9 0.023

16 400 22 0.055

17 400 8 0.020

18 400 10 0.025

19 400 11 0.028

20 400 9 0.023

TablE 10.6 Data Sheet: Hose Connectors
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 UCLu = 0.025 + 3 
20.0252410

= 0.0484

 LCLu = u - 3 
2u2n

 LCLu = 0.025 - 3 
20.0252400

= 0.0013

 LCLu = 0.025 - 3 
20.0252405

= 0.0014

The lower control limit may be rounded to zero.

Step 4. Draw the Centerline and Control Limits on the 
Chart. The centerline and control limits have been drawn 
in Figure 10.13.

Step 5. Interpret the Chart. The process shown in Figure  
10.13 is a stable process. q➛

Example 10.11 Special Plastics: Making a u 
Chart with Variable Sample Size
Occasionally the sample size on the hose connector line 
varies. When individual control limits need to be calcu-
lated, nave is used in the same manner as described for 
fraction nonconformities (p) charts. If nave is used, care 
must be taken in the interpretation of the nonconformities 
per unit chart.

Step 1. Gather the Data. Table 10.7 shows the most re-
cent data collected concerning hose connectors. Note that 
the sample size varies.

Step 2. Calculate u, the Number of Nonconformities per 
Unit. Table 10.7 also shows the values of u calculated to 
three decimal places. Plot these values on the control chart 
(Figure 10.13).

Step 3. Calculate the Centerline and Control Limits.

Centerline u =
an
i = 1

c

an
i = 1

n
=

99
3995

= 0.025

For each different sample size calculate the control limits. 
(In this example the control limits have been calculated to 
four decimal places.)

 UCLu = u + 3 
2u2n

 UCLu = 0.025 + 3 
20.0252390

= 0.0490

 UCLu = 0.025 + 3 
20.0252400

= 0.0487

 UCLu = 0.025 + 3 
20.0252405

= 0.0485

A common activity in a hospital is taking a patient’s temperature. 
This activity is so common that doctors and nurses sometimes for-
get to record the temperature on the patient’s chart. On a weekly 
basis, JQOS conducts random samples (n = 50) of patient charts 
to determine whether the temperature has been recorded. When 
a temperature does not get recorded, it is considered a defect in 
the process of patient care. It is not considered defective since the 
temperature can be retaken. Recently, they have been tracking this 
information using a u chart (Figure 10.12a). When they saw the 
high level of unrecorded temperatures, steps were taken to provide 
memory jogs for health-care workers. Bright signage placed next to 
the disposable thermometers and on the patient information sheets 
were added. Notice the improvement that the memory joggers pro-
vided (Figure 10.12b).

 Centerline u =
an
i = 1

c

an
i = 1

n
=

151
15(50)

= 0.201

 UCLu = u + 3 
2u2n

 = 0.026 + 3 
20.201250

= 0.391

 LCLu = u - 3 
2u2n

 = 0.026 - 3 
20.201250

= 0.011

Using a u Chart to Track Improvements  
at JQOS Hospital

rEal Tools for rEal lifEq➛

Subgroup Number n c u

21 405 10 0.025

22 390 11 0.028

23 410 12 0.029

24 400 10 0.025

25 405 9 0.022

26 400 9 0.023

27 390 8 0.021

28 400 10 0.025

29 390 11 0.028

30 405 9 0.022

TablE 10.7  Data Sheet: Hose Connectors 
 Variable Sample Size
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care must be taken to identify the type of data to be gath-
ered. What is the nature of the process under study? Are they 
variables data and therefore measurable? Or are they attribute 
data and therefore countable? Is there a sample size or is just 
one item being measured? Is there a sample size or are just the 
nonconformities in an area of opportunity being counted? The 
flowchart in Figure 10.14 can assist you in choosing a chart.

CHOOSING A CONTROL CHART

I. Variables Data
A. Use an X chart combined with an R or s chart 

when
1. The characteristic can be measured.
2. The process is unable to hold tolerances.
3. The process must be monitored for adjust-

ments.
4. Changes are being made to the process and 

those changes need to be monitored.
5. Process stability and process capability must 

be monitored and demonstrated to a customer 
or regulating body.

6. The process average and the process variation 
must be measured.

B. Use control charts for individuals (Xi and mov-
ing-range charts or moving-average and moving-
range charts) when
1. Destructive testing or other expensive testing pro-

cedures limit the number of products sampled.
2. It is inconvenient or impossible to obtain more 

than one sample.
3. Waiting for a large sample would not provide 

timely data.

Revising the u Chart Both the u chart for a constant sam-
ple size and a u chart for a variable sample size are revised 
in the same fashion as are the other attribute charts. Once 
the assignable causes have been determined and the pro-
cess modified to prevent their recurrence, the centerline 
and control limits can be recalculated using the following 
formulas. For the u chart with variable sample size, nave 
must be recalculated:

Centerline u =
an
i = 1

c - cd

an
i = 1

n - nd

The control limits for the u chart are found using the 
following formulas:

 UCLu = unew + 3 
2unew2n

 LCLu = unew - 3 
2unew2n

 nave =
an
i = 1

n - nd

m - md

suMMary 

You have now seen a variety of control charts. The choice of 
which chart to implement under what circumstances is less 
confusing than it first appears. To begin the selection process, 

FIGURE 10.13  Nonconformities per Unit (u) Chart for Variable Sample Size

.050

.040

.030

.020

PART NAME (PRODUCT) Example 10.11: Hose Connectors

c 10 11 12 10 9 9 8 10 11 9
n 405 390 410 400 405 400 390 400 390 405
u .025 .028 .029 .025 .022 .023 .021 .025 .028 .022

NOTES

u

CL = .025

LCLu = .000
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B. Use charts for nonconformities (c, u) when
1. There is a need to monitor the number of non-

conformities in a process (c charts for counts 
of nonconformities, u charts for nonconformi-
ties per unit).

2. The characteristics under study in the process 
can be judged as having one or more noncon-
formities.

3. Process monitoring is desired but measurement 
data cannot be obtained because of the nature 
of the product or the expense.

4. The sample size varies (u chart).

II. Attribute Data
A. Use charts for nonconforming units or fraction 

nonconforming charts (p, np, 100p) when
1. There is a need to monitor the portion of the 

lot that is nonconforming.
2. The characteristics under study in the process 

can be judged either conforming or noncon-
forming.

3. The sample size varies (p chart).
4. Process monitoring is desired but measurement 

data cannot be obtained because of the nature 
of the product or the expense.

FIGURE 10.14  Control Chart Selection Flowchart

Type of data

Sample size Run length?

Moving-average
and moving-
range chart

Individuals and
moving-range

chart

Run chart

X and R chart

X and s chart

X and R chart

X and s chart

p chart

np chart

% chart

c chart

Count of
nonconformities

Nonconforming

Short

Long

u chart

Median and
range chart

Short-run
X and R chart

Count or
classification

Measurable

Countable

Classification

n
fixed

n variable

n = 1

n > 1

n = 1
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NUMBER NONCONFORMING (np)  
CHART

 Centerline np =
an
i = 1

np

m

 UCLnp = np + 32np(1 - p)

 LCLnp = np - 32np(1 - p)

PERCENT NONCONFORMING (100p) 
CHART
The centerline for a percent nonconforming chart is  
100p.

 UCL100p = 100Jp +
32p(1 - p)2n

R
 LCL100p = 100Jp -

32p(1 - p)2n
R

COUNT OF NONCONFORMITIES (c) 
CHART

 n = 1

 Centerline c =
an
i = 1

c

m

 UCLc = c + 32c

 LCLc = c - 32c

NONCONFORMITIES PER UNIT (u)  
CHART

 n 7 1

 u =
c
n

 Centerline u =
an
i = 1

c

an
i = 1

n

 UCLu = u + 3 
2u2n

 LCLu = u - 3 
2u2n

q➛lEssoNs lEarNED 

1. Fraction nonconforming (p) charts can be constructed 
for both constant and variable sample sizes because the 
sample size can be isolated in the formula.

2. For the fraction nonconforming chart, the product or 
service being provided must be inspected and classed 
as either conforming or not conforming.

3. Number nonconforming (np) and percent noncon-
forming charts may be easier to interpret than fraction 
nonconforming (p) charts.

4. It is possible to construct either a p or a u chart for 
variable sample size. Individual control limits for the 
different sample sizes may be calculated or nave may 
be used. When nave is used, care must be taken to cor-
rectly interpret the points approaching or exceeding 
the upper control limit.

5. Charts for counts of nonconformities (c) and noncon-
formities per unit (u) are used when the nonconformi-
ties on the product or service being inspected can be 
counted. For c charts, n = 1; for u charts, n 7 1.

6. Charts for nonconformities per unit (u charts) can be 
constructed for both constant and variable sample sizes.

7. When interpreting p, np, c, or u charts, it is important 
to remember that values closer to zero are desirable.

forMulas 

FRACTION NONCONFORMING (p)  
CHART

 p =
np
n

 Centerline p =
an
i = 1

np

an
i = 1

n

 UCLp = p + 3 
2p(1 - p)2n

 LCLp = p - 3 
2p(1 - p)2n

The process capability of the p chart is the centerline. pnew :

nave =
an
i = 1

n

m
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60 3

60 6

60 2

60 5

60 7

60 4

60 3

60 4

60 1

60 0

60 5

60 3

60 4

60 3

60 7

60 4

60 6

60 8

60 4

60 2

60 3

60 6

5. Given the following information about mistakes made 
on tax forms, make and interpret a fraction noncon-
forming chart.

Sample 
Size Nonconforming

Sample 
Size Nonconforming

20 0 20 10

20 0 20 2

20 0 20 1

20 2 20 0

20 0 20 1

20 1 20 0

20 6 20 0

20 0 20 1

20 0 20 1

20 2 20 0

20 3 20 2

20 1 20 0

20 1 20 4

20 0 20 1

20 2 20 0

ChaPTEr ProblEMs 

1. Review the control charts covered in this chapter. 
Describe and discuss how one of these charts could 
be applied to a situation you face at work or in your 
personal life.

2. How would you determine that a process is under con-
trol? How is the interpretation of a p, u, or c chart 
different from that of an X and R chart?

CHARTS FOR FRACTION 
NONCONFORMING

3. Bottled water is very popular with consumers. Manu-
facturers recognize that customers don’t want bottles 
with caps that aren’t sealed correctly. Faulty seals 
make the consumer wonder about the purity of the 
water within, which creates an immediate lost sale and 
affects the decision to purchase a similar product in 
the future. For this reason, Local Water Bottling Co. 
inspects 250 water bottles per hour (out of a total pro-
duction of 5,000 bottles per hour) to check the caps. 
Any bottle inappropriately capped is unusable and will 
be destroyed. Use the following production informa-
tion to create the centerline and control limits for a 
fraction nonconforming control chart to monitor their 
recent process. Graph and interpret this chart. What 
level of performance is their process capable of?

n Defectives

250 1

250 1

250 0

250 1

250 0

250 0

250 1

250 0

250 0

250 1

4. When producing IC chips, the quality inspectors check 
the functionality of the chip, enabling them to determine 
whether the chip works or doesn’t work. Create the 
centerline and control limits for today’s fraction defec-
tive chart. Graph and interpret the chart. How should 
they expect the process to perform in the near future?

n np

60 2

60 4

60 5
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16 150 7 0.047

17 150 4 0.027

18 150 3 0.020

19 150 9 0.060

20 150 8 0.053

21 150 8 0.053

22 150 6 0.040

23 150 2 0.013

24 150 9 0.060

25 150 7 0.047

26 150 3 0.020

27 150 4 0.027

28 150 6 0.040

29 150 5 0.033

30    150    4 0.027

Total 4,500 173

8. Nearly everyone who visits a doctor’s office is covered 
by some form of insurance. For a doctor, the process-
ing of forms in order to receive payment from an insur-
ance company is a necessary part of doing business. 
If a form is filled out incorrectly, the form cannot be 
processed and is considered nonconforming (defec-
tive). Within each office, an individual is responsible 
for inspecting and correcting the forms before filing 
them with the appropriate insurance company. A local 
doctor’s office is interested in determining whether 
errors on insurance forms are a major problem. Every 
week they take a sample of 20 forms to use in creating 
a p chart. Use the following information to create a p 
chart. How are they doing?

Nonconforming

1 2

2 5

3 8

4 10

5 4

6 7

7 6

8 3

9 7

10 5

11 2

12 3

13 17

14 5

6. The following table gives the number of nonconform-
ing product found while inspecting a series of 12 con-
secutive lots of galvanized washers for finish defects 
such as exposed steel, rough galvanizing, and discol-
oration. A sample size of n = 200 was used for each 
lot. Find the centerline and control limits for a fraction 
nonconforming chart. If the manufacturer wishes to 
have a process capability of p = 0.005, is the process 
capable?

Sample 
Size Nonconforming

Sample 
Size Nonconforming

200 0 200 0

200 1 200 0

200 2 200 1

200 0 200 0

200 1 200 3

200 1 200 1

7. Thirst-Quench, Inc. has been in business for more 
than 50 years. Recently Thirst-Quench updated their 
machinery and processes, acknowledging their out-of-
date style. They have decided to evaluate these changes. 
The engineer is to record data, evaluate those data, and 
implement strategy to keep quality at a maximum. The 
plant operates eight hours a day, five days a week, and 
produces 25,000 bottles of Thirst-Quench each day. 
Problems that have arisen in the past include partially 
filled bottles, crooked labels, upside down labels, and 
no labels. Samples of size 150 are taken each hour. 
Create a p chart.

Subgroup 
Number

Number 
Inspected  

n

Number Non
conforming  

np

Proportion 
Noncon
forming p

1 150 6 0.040

2 150 3 0.020

3 150 9 0.060

4 150 7 0.047

5 150 9 0.060

6 150 2 0.013

7 150 3 0.020

8 150 5 0.033

9 150 6 0.040

10 150 8 0.053

11 150 9 0.060

12 150 7 0.047

13 150 7 0.047

14 150 2 0.013

15 150 5 0.033
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10. Use the data from Problem 9 and create a p chart using 
n average. Use nave to interpret the chart.

11. The House of Bolts is one of the largest producers of 
industrial (Class III) bolts. The bolts are sampled daily 
with a sample size of 500. The bolts are inspected for 
thread engagement and overall design. A nonconform-
ing bolt would display an irregular bolt size or poor 
thread engagement. The control chart shows the frac-
tion of nonconforming bolts per sample size. Create 
a p chart with the following data. Assume assignable 
causes and revise the chart.

Subgroup 
Number

Number 
Inspected  

n

Number Non
conforming  

np
Fraction Non
conforming p

1 500 13 0.026

2 500 5 0.010

3 500 11 0.022

4 500 6 0.012

5 500 2 0.004

6 500 8 0.016

7 500 8 0.016

8 500 3 0.006

9 500 10 0.020

10 500 0 0.000

11 500 5 0.010

12 500 12 0.024

13 500 11 0.022

14 500 5 0.010

15 500 0 0.000

16 500 0 0.000

17 500 7 0.014

18 500 9 0.018

19 500 10 0.020

20  500    6 0.012

Total 10,000 131

12. The House of Bolts has changed their data-collecting 
techniques. The bolts are inspected daily, but not at a 
constant sample size. Guidelines for nonconforming 
bolts have not changed. The bolts are inspected for 
thread engagement and overall design. As before, a 
nonconforming bolt would be an irregular bolt size or 
poor thread engagement. Create a p chart for variable 
subgroup size. Assume assignable causes and revise the 
chart. Does the control chart change significantly from 
the chart in Problem 11?

15 2

16 4

17 5

18 2

19 3

20 2

21 6

22 4

23 5

24 1

25 2

9. For 15 years, a county has been keeping track of traffic 
fatalities. From the total number of fatal traffic accidents 
each year, a random sample is taken and the driver is 
tested for blood alcohol level. For the sake of creating 
control charts, a blood alcohol level higher than 80 mg 
is considered nonconforming. Given the following infor-
mation, create a p chart with a sample size that varies.

Consider the following information when inter-
preting the chart. In 1991, the county began a three-
pronged attack against drunk driving. Mandatory seat 
belt legislation was enacted, advertisements on radio 
and TV were used to increase public awareness of the 
dangers of drinking and driving, and harsher sentences 
were enacted for drunk driving. Based on your knowl-
edge of chart interpretations, were these programs suc-
cessful? How do you know?

Year

No. of Driver 
Fatalities 
Tested

No. of Driver Fatalities  
Tested with a Blood 

Alcohol Level over 80 mg

Year 1 1,354 709
Year 2 1,501 674
Year 3 1,479 687
Year 4 1,265 648
Year 5 1,261 583
Year 6 1,209 668
Year 7 1,333 665
Year 8 1,233 641
Year 9 1,400 550

Year 10 1,181 545
Year 11 1,237 539
Year 12 1,186 535
Year 13 1,291 557
Year 14 1,356 537
Year 15  1,341  523

19,627 9,061
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Subgroup 
Number

Number 
Inspected 

n

Number Non
conforming  

np

Fraction Non
conforming  

p

1 500 13 0.026

2 500 5 0.010

3 500 11 0.022

4 450 6 0.013

5 450 2 0.004

6 450 8 0.018

7 600 8 0.013

8 600 3 0.005

9 600 10 0.017

10 400 0 0.000

11 400 5 0.013

12 400 12 0.030

13 550 11 0.020

14 550 5 0.009

15 550 0 0.000

16 450 0 0.000

17 450 7 0.016

18 450 9 0.020

19 600 10 0.017

20     600    6 0.010

Total 10,050 131

13. The following are data on 5-gal containers of paint. 
If the color mixture of the paint does not match the 
control color, then the entire container is considered 
nonconforming and is disposed of. Since the amount 
produced during each production run varies, use nave 
to calculate the centerline and control limits for this 
set of data. Carry calculations to four decimal places. 
Remember to round nave to a whole number; you can’t 
sample part of a 5-gal pail.

Production 
Run

Number 
Inspected

Number 
Defective

1 2,524 30

2 2,056 84

3 2,750 76

4 3,069 108

5 3,365 54

6 3,763 29

7 2,675 20

8 2,255 25

9 2,060 48

10 2,835 10

11 2,620 86

12 2,250 25

Which points should be tested? Use the cases presented 
in the chapter to discuss why or why not. Show calcu-
lations if the points need to be tested.

14. Good managers know that it is critical to manage the 
number of days between an accident and the filing of 
a claim with the organization’s insurance company. A 
short lag time between accident and filing days results 
in lower overall costs. The following is a sample of 
statewide performance on claims filing 22 subgroups 
of employers for the past four years. Calculate the con-
trol limits and centerline for a chart using n(ave). Create 
and interpret the chart. Are they managing their claim 
lag time well?

Number of 
Incidents  

n

Number of 
Days to  

np
Filing  

p

1 29 2 0.07

2 30 3 0.10

3 31 17 0.55

4 30 2 0.07

5 32 6 0.19

6 28 1 0.33

7 30 5 0.17

8 35 4 0.11

9 28 7 0.25

10 30 3 0.10

11 32 5 0.16

12 25 3 0.12

13 33 7 0.21

14 31 3 0.10

15 30 6 0.20

16 29 2 0.07

17 27 4 0.15

18 31 13 0.42

19 29 23 0.79

20 26 3 0.12

21 34 13 0.38

22  30  6 0.02

660 138 4.70

15. RQM’s customers don’t like to see errors on the 
control panels of their washers, dryers, ovens, or 
microwaves. Surface appearance is very critical to a 
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customer’s overall impression of the product. For this 
reason, control panels that don’t meet standards are 
destroyed (recycled). For the following data related to 
control panel production, calculate the control limits 
and centerline for a chart using n(ave). Graph and inter-
pret this chart.

Number of 
Control Panels 

Sampled n

Number of 
Control Panels 
Destroyed np p

1 29 2 0.07

2 30 3 0.10

3 31 17 0.55

4 30 2 0.07

5 32 6 0.19

6 29 2 0.07

7 27 4 0.15

8 31 13 0.42

9 30 5 0.17

10 35 4 0.11

11 28 7 0.25

12 30 3 0.10

13 28 1 0.33

14 33 7 0.21

15 31 3 0.10

16 30 6 0.20

17 32 5 0.16

18 25 3 0.12

19 29 23 0.79

20 26 3 0.12

21 34 13 0.38

22  30  6 0.02

S = 660 138 4.70

16. Given the chart in Figure P10.1, discuss the state of 
control the chart is exhibiting. What percent noncon-
forming should the company expect in the future for 
process 1?

17. The board of directors is meeting to discuss quality on 
a particular product. The quality supervisor wants to 
create a chart that is easy to understand. What chart 
would you choose? Use n = 50 and p = 0.09 to cal-
culate the control limits and centerline. Create and 
interpret this chart.

Subgroup 
Number

1 2 3 4 5 6 7 8 9 10

Noncon
forming

5 4 3 2 6 18 5 8 2 2

18. Given Figure P10.2, complete the calculations for 
the remaining shifts and finish the chart. Assume the 
assignable causes have been determined and corrected. 
Remove those points that exhibit out-of-control condi-
tions and recalculate the limits.

19. Hospitals and their on-site pharmacies are very care-
ful about expiration dates on the thousands of drugs 
they administer. Doctors, nurses, and pharmacists are 
trained to inspect drug expiration dates before admin-
istering a drug. As an extra precaution, once a month, 
shelves are carefully inspected (n = 1,000) and dated 
products are removed. Information concerning dated 
products is provided to the staff that orders drugs so 
that they can track drug usage and order appropriately. 

FIGURE P10.1  Problem 16

% 
no
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g

30

20

10

0LCL =

UCL

p

UCLp = 21.2%

p = 0.09
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Expired drugs are money lost. The following data pro-
vide information about the past 12 months of defective 
(expired) product. Calculate the control limits and cen-
terline for an np chart. Graph and interpret the chart. 
How is their order process working?

n Defectives

1,000 3

1,000 2

1,000 4

1,000 2

1,000 3

1,000 8

1,000 10

1,000 11

1,000 10

1,000 9

1,000 12

1,000 10

20. At Fruits and Such, a local frozen fruit concentrate 
manufacturer, frozen grape juice is packed in 12-ounce 
cardboard cans. These cans are formed on a machine 
by spinning them from preprinted cardboard stock 
and attaching two metal lids, one for the top and one 
for the bottom. After the filling operation, samples 
(n = 100) of the production are taken hourly. Inspec-
tors look for several things that would make the can 

defective: how well the strip for opening the can oper-
ates, whether there are proper crimps holding the lids 
to the cardboard tube, if the lids are poorly sealed, etc. 
Create and interpret an np chart for the following data.

Subgroup Defectives

1 12

2 15

3 8

4 10

5 4

6 7

7 16

8 9

9 14

10 10

11 5

12 6

13 17

14 12

15 22

16 8

17 10

18 5

19 13

20 12

FIGURE P10.2  Problem 18

Sample (n) 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50

Number 5 8 5 4 3 9 6 6 4 5 5 6 1 2 3 3 1 0 5 9 7 5 4 5 5
(np)

Fraction .10.16.10.08.06.18.12.12.08.10.10.12.02.04.06.06.02.00.10.18
 (p/u)

Shift Date
(83)
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the problem. Production quality levels have been rela-
tively high recently and Max is contemplating eliminat-
ing the second line. Eight cookies are sampled every 15 
minutes. If these cookies don’t pass inspection, the next 
15 minutes’ worth of production are run through the 
secondary line. Create the control limits and centerline 
for this chart. Graph and interpret this chart. Should 
Max keep the secondary line for the time being?

c
Subgroup Number n = 8

1 1

2 0

3 1

4 0

5 1

6 1

7 0

8 1

9 0

10 2

11 0

12 1

13 0

14 0

15 0

16 1

17 0

18 1

19 0

20  0

10

23. From a lot of 1,000 soup cans, a sample size 160 
(n = 160) is taken. The following data show the 
results of 15 such subgroups. Use the data to create a 
number nonconforming chart.

Lot n np

1 160 12

2 160 15

3 160 13

4 160 15

5 160 11

6 160 11

7 160 10

21 20

22 18

23 24

24 15

25 8

21. To reduce the costs associated with an accident and its 
consequences, returning the employee to work, even in 
a limited capacity is critical. The safety engineer wants 
management to understand the importance of manag-
ing the days it takes to return employees to work. To 
show their past performance, he wants to create an 
easy-to-understand chart for his bosses. Calculate the 
centerline and control limits for an np chart. Graph 
and interpret the chart. What level of days to return 
to work can be expected in the future?

n
Number of Days to 
Return to work np

1 10 6

2 10 14

3 10 6

4 10 3

5 10 8

6 10 22

7 10 4

8 10 3

9 10 24

10 10 2

11 10 6

12 10 17

13 10 1

14 10 5

15 10 6

16 10 3

17 10 2

18 10 6

19 10 16

20 10 1

21 10 2

22  10  1

220 158

22. Max’s Munchies frosted cookie production line is 
monitored for frosting coating, sprinkles, color, pat-
tern, and other visual defects. Cookies failing the visual 
inspection are run through a separate line that corrects (contined)
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6 400 3

7 400 11

8 400 13

9 400 12

10 400 10

11 400 5

12 400 4

13 400 2

14 400 2

15 400 4

16 400 8

17 400 5

18 400 3

19 400 1

20 400 0

CHARTS FOR NONCONFORMITIES

26. A line produces leather jackets. Once each hour a 
jacket is selected at random from those made during 
that hour. Small imperfections (missed stitches, zip-
per catch, buttons missing, loose threads) are counted. 
Recent data show an average of eight imperfections 
(nonconformities) in each sample. Using the formulas 
for a c chart, calculate the control limits and center-
line for this situation. If management wants a process 
capability of four nonconformities per sample, will this 
line be able to meet that requirement?

27. A production line manufactures compact discs. Twice 
an hour, one CD is selected at random from those 
made during the hour. Each disc is inspected sepa-
rately for imperfections (defects), such as scratches, 
nicks, discolorations, and dents. The resulting count of 
imperfections from each disc is recorded on a control 
chart. Use the following data to create a c chart. If the 
customer wants a process capability of 1, will this line 
be able to meet that requirement?

Hour Imperfections

1 2

2 0

3 2

4 1

5 0

6 1

7 0

8 2

9 0

Lot n np

8 160 15

9 160 13

10 160 12

11 160 16

12 160 17

13 160 13

14 160 14

15 160 11

24. A manufacturer of light bulbs is keeping track of the 
number of nonconforming bulbs (the number that 
don’t light). Create the centerline and control limits 
for a number nonconforming chart. What is the capa-
bility of the process? Assume assignable causes and 
revise the chart.

n np n np

1 300 10 11 300 31

2 300 8 12 300 32

3 300 9 13 300 10

4 300 12 14 300 8

5 300 10 15 300 12

6 300 11 16 300 10

7 300 9 17 300 11

8 300 10 18 300 9

9 300 12 19 300 10

10 300 11 20 300 8

25. The Tri-State Foundry Company is a large volume 
producer of ball joints for various automotive pro-
ducers. The ball joints are sampled four times daily. 
The sample size is a constant of 400 parts. The chart 
shows how many nonconforming parts are found in 
a sample size. Nonconforming quality comes from 
an outer diameter that is larger than 1.5 inches. The 
1.5-inch limit is a strict guideline because any parts 
that are larger will not work with the female coupling 
assembly. Create an np chart with the following data. 
Assume assignable causes and revise the chart.

Subgroup 
Number

Number 
Inspected  

n

Number  
Nonconforming 

np

1 400 3

2 400 4

3 400 1

4 400 7

5 400 6
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c

2

2

1

2

3

2

4

3

3

5

5

7

6

7

8

9

7

10

11

7

8

10

9

11

30. A production line produces large plastic Santas. Once 
each hour a Santa is selected at random from those 
made during that hour. Small imperfections in the 
plastic Santa (bubbles, discolorations, and holes) are 
counted. The count of nonconformities is recorded on 

10 2

11 1

12 2

13 0

14 1

15 1

16 0

17 0

18 2

19 4

20 1

21 2

22 0

23 2

24 1

25 0

28. A local firm creates large metal shafts for use in pumps. 
The customer receiving the shafts inspects them for 
defects such as nicks, scratches, and other abrasions. 
Because of careful packing, most of the shafts arrive 
safely with no damage. Damaged shafts must be 
reworked (reground) before being used. Both the cus-
tomer and the supplier keep track of this information 
in order to judge the effectiveness of their packaging 
methods and shipping firms. Regardless of the num-
ber of shafts that are shipped in the boxes, each box 
is considered one unit. Create the control limits and 
centerline for a c control chart to monitor the past 10 
shipments. How is the process performing? Should the 
company reexamine their methods?

Defects

1

2

1

0

1

0

0

1

0

0

29. In the testing lab, a series of very complex chips are 
being tested. The number of defects found on each 
individual chip is tracked. Create the centerline and 
control limits for a c chart. Graph and interpret the 
chart. How well is the process currently performing? 
In other words, what is its process capability? FIGURE P10.3  Problem 30

C 
Ch
ar
t

LCL = 0

UCL

c = 5
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of looking at samples of magazine pages (n = 20) 
and counting blemishes. Below are her results. The 
editors are interested in plotting the nonconformities 
per unit on a u chart. Determine the centerline and 
control limits. Create a chart of this process. If the 
editors want only two nonconformities per unit on 
average, how does this compare with the actual pro-
cess average?

Subgroup 
Number

Count of 
Nonconformities

1 65

2 80

3 60

4 50

5 52

6 42

7 35

8 30

9 30

10 25

33. A manufacturer of holiday light strings tests 400 of 
the light strings each day. The light strings are plugged 
in and the number of unlit bulbs are counted and 
recorded. Unlit bulbs are considered nonconformi-
ties, and they are replaced before the light strings are 
shipped to customers. These data are then used to aid 
process engineers in their problem-solving activities. 
Given the following information, create and graph the 
chart. How is their performance? What is the process 
capability?

Subgroup
Sample 

Size Nonconformities

1 400 50

2 400 23

3 400 27

4 400 32

5 400 26

6 400 38

7 400 57

8 400 31

9 400 48

10 400 34

11 400 37

12 400 44

13 400 34

14 400 32

control charts. Recent data have averaged five imper-
fections (nonconformities) in each sample.
a. Calculate the control limits and centerline for this 

c chart.
b. If management wants a process capability of two 

nonconformities per sample, will this line be able to 
meet that requirement? Why or why not?

c. Given the figure of several hours of production, 
how does this process look? In other words, inter-
pret the chart in Figure P10.3.

31. The company reviewing its safety program has decided 
to track the expenses associated with medical treat-
ments related to accidents in the workplace. Each 
of the following values represents an individual case 
(n = 1). Create the control limits and centerline for 
this chart. Graph and interpret this chart. What will be 
the average cost of future medical claims? The highest 
expected costs?

Subgroup Number c

1 125

2 2,046

3 115

4 287

5 511

6 951

7 446

8 135

9 1407

10 132

11 188

12 169

13 420

14 646

15 323

16 124

17 206

18 725

19 1084

20 270

21 868

22  195

11,373

32. When printing full-color, glossy magazine advertis-
ing pages, editors do not like to see blemishes or pics 
(very small places where the color did not transfer 
to the paper). One person at the printer has the job 
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9 130 157 1.21

10 97 121 1.25

11 78 83 1.06

12  110  120 1.09

2,025 2,388

35. Work the previous problem using an nave value of 
100. Interpret the chart using the rules presented in 
the chapter.

36. A manufacturer of aspirin monitors the potency of 
their product using a u chart. Samples are taken from 
batches of 1,000 aspirin and those with incorrect 
potencies are recorded, only to be crushed and recycled 
later. Create and interpret a u chart using nave.

Subgroup 
Number n c

1 29 2

2 30 3

3 31 17

4 30 2

5 32 6

6 28 1

7 30 5

8 35 4

9 28 7

10 30 3

11 32 5

12 25 3

13 33 7

14 31 3

15 30 6

16 29 2

17 27 4

18 31 13

19 29 23

20 26 3

21 34 13

22 30 6

15 400 50

16 400 49

17 400 54

18 400 38

19 400 29

20   400   47

8,000 780

34. The Davis Plastic Company produces plastic baseball 
bats for a major sporting goods company. These bats 
are inspected daily but are not inspected at a constant 
number each day. The control chart shows how many 
bats were inspected and how many nonconformities 
were found per unit. Nonconformities include wrong 
taper on bat, incomplete handle, bad knurl on grip, 
or deformed bat ends. Create a u chart with the fol-
lowing data. Assume assignable causes and revise the 
chart.

Date
Number 
Inspected n

Count of 
Noncon
formities c

Noncon
formities  
per Unit u

April

17 126 149 1.18

18 84 91 1.08

19 96 89 0.93

20 101 97 0.96

21 100 140 1.40

24 112 112 1.00

25 79 89 1.13

26 93 119 1.28

27 88 128 1.46

28 105 117 1.11

May

1 99 135 1.36

2 128 155 1.21

3 113 145 1.28

4 120 143 1.19

5 81 94 1.16

8 85 104 1.22
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inspected. The inspectors test how well the strip to open 
the can operates. If a strip breaks, the can is considered 
nonconforming and unusable. Other packaging noncon-
formities include improper crimps holding the lids to the 
cardboard tube or poorly sealed lids. Fill rates are care-
fully checked to ensure that the containers truly contain 
12 ounces. Inspectors also check the cosmetics of the can. 
Incorrectly wrapped cans or crooked labels are considered 
nonconforming and unusable.

An np chart for tracking unusable nonconformities 
needs to be established to track the level of nonconformi-
ties produced on a daily basis. The first 30 subgroups of 
size n = 50 are found in Figure C10.1.1.

q➛  CasE sTuDy 10.1 

Attribute Control Charts: np Charts

PART 1
At Fruits and Such, a local frozen fruit concentrate 
manufacturer, frozen orange juice concentrate is packed 
in 12-ounce cardboard cans. These cans are formed on 
a machine by spinning them from preprinted cardboard 
stock and attaching two metal lids, one for the top and 
one for the bottom. After filling, the container is carefully 

DEPT.: Forming PART NAME: OJ can

PART NO.: OJ-1 MACHINE: Spinner

GROUP: 1 VARIABLE: Seal

Subgroup 1 2 3 4 5

Time 07:00:00 07:16:00 07:32:00 07:48:00 08:04:00

Date 03/03/XX 03/03/XX 03/03/XX 03/03/XX 03/03/XX

Sample Size 50 50 50 50 50

Defective 12 15 8 10 4

STRIP BRK 4 5 2 4 2

CRIMP 0 2 0 1 0

WRAP 2 0 0 1 0

BASE 0 0 0 1 0

LABEL 2 2 2 1 0

FILL 4 6 4 2 2

Subgroup 6 7 8 9 10

Time 08:20:00 08:36:00 08:52:00 09:08:00 09:24:00

Date 03/03/XX 03/03/XX 03/03/XX 03/03/XX 03/03/XX

Sample Size 50 50 50 50 50

Defective 7 16 9 14 10

STRIP BRK 2 4 4 5 2

CRIMP 1 2 0 1 2

WRAP 0 2 0 1 0

BASE 0 0 0 1 1

LABEL 0 2 0 2 1

FILL 4 6 5 4 4

Subgroup 11 12 13 14 15

Time 09:30:00 09:46:00 10:02:00 10:18:00 10:34:00

Date 03/03/XX 03/03/XX 03/03/XX 03/03/XX 03/03/XX

Sample Size 50 50 50 50 50

Defective 5 6 17 12 22

STRIP BRK 2 3 8 4 8

CRIMP 0 0 2 2 0

WRAP 0 0 1 0 0

BASE 0 0 0 1 1

LABEL 1 0 0 2 2

FIGURE C10.1.1  Defective Orange Juice Cans
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q➛  assiGNMENT

Perform a Pareto analysis and discuss which problems are 
most prevalent and which should be investigated first.

PART 2
An investigation of the Pareto analysis reveals that the two 
largest problems are the fill level of the orange juice cans 
and the breakage of the plastic opening strip. Since the fill 

q➛  assiGNMENT

Use the total number of defectives to create the np chart. 
How is the process currently performing? What is the pro-
cess capability?

While the np chart keeps track only of the number of 
nonconformities and not the type, Figure C10.1.1 reveals 
that the inspectors have also been keeping track of the 
types of nonconformities.

FILL 2 3 6 3 11

Subgroup 16 17 18 19 20

Time 10:50:00 11:06:00 11:22:00 11:38:00 11:54:00

Date 03/03/XX 03/03/XX 03/03/XX 03/03/XX 03/03/XX

Sample Size 50 50 50 50 50

Defective 8 10 5 13 12

STRIP BRK 3 2 1 4 4

CRIMP 1 2 1 1 1

WRAP 0 0 0 1 2

BASE 0 0 0 1 0

LABEL 0 0 0 1 0

FILL 4 6 3 5 5

Subgroup 21 22 23 24 25

Time 12:10:00 12:26:00 12:42:00 12:58:00 13:14:00

Date 03/03/XX 03/03/XX 03/03/XX 03/03/XX 03/03/XX

Sample Size 50 50 50 50 50

Defective 20 18 24 15 9

STRIP BRK 7 7 10 6 4

CRIMP 1 1 2 1 0

WRAP 2 2 0 2 0

BASE 1 1 2 2 0

LABEL 1 1 3 0 0

FILL 8 6 7 4 5

Subgroup 26 27 28 29 30

Time 13:30:00 13:46:00 14:02:00 14:18:00 14:34:00

Date 03/03/XX 03/03/XX 03/03/XX 03/03/XX 03/03/XX

Sample Size 50 50 50 50 50

Defective 12 7 13 9 6

STRIP BRK 4 3 4 4 3

CRIMP 1 1 1 0 0

WRAP 1 0 1 0 0

BASE 1 0 2 0 0

LABEL 1 0 0 0 0

FILL 4 3 5 5 3

FIGURE C10.1.1  Continued
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next station. Previously, the can was indexed on the basis 
of time. This new method ensures that the volume in each 
can changes very little from can to can. The weighing 
device has been calibrated so that the variance in empty 
can weight and density will produce only a slight variation 
in the can fill volume.

q➛  assiGNMENT

The decision has been made to add the weight sensitive pad 
and fill monitoring equipment for a trial period. Create an 
np chart and perform a Pareto analysis with the informa-
tion in Figure C10.1.2. How does the chart look compared 
with the previous 30 subgroups of size n = 50? What is 
the process capability? Were there any changes found by 
the Pareto analysis? What should be investigated next?

level appears to be the largest problem, the investigators 
decide to start their problem-solving efforts there.

Upon checking the operation, they determine that there 
is a serious lack of precision in filling the orange juice cans. 
The current method fills the can by timing the flow of the 
product into the can. This type of filling method does not 
account for the change in pressure in the level of the supply 
tank. With a full storage tank of orange juice there is more 
pressure in the lines, resulting in the overfilling of cans. As 
the volume in the orange juice storage tank decreases, the 
cans are underfilled.

Replacing the existing tanks and delivery system, ret-
rofitting pressure meters onto the system, or installing a 
weight sensitive pad and fill monitor to the existing line 
are all suggestions for improving this process. An economic 
analysis reveals that the weight sensitive pad and fill moni-
toring equipment would be the most economical change. 
The can rests on the pad during the filling operation. When 
the can reaches a preset weight, the can is indexed to the 

DEPT.: Forming PART NAME: OJ can

PART NO.: OJ-1 MACHINE: Spinner

GROUP: 1 VARIABLE: Seal

Subgroup 1 2 3 4 5

Time 07:00:00 07:16:00 07:32:00 07:48:00 08:04:00

Date 03/16/XX 03/16/XX 03/16/XX 03/16/XX 03/16/XX

Sample Size 50 50 50 50 50

Defective 6 4 6 5 7

STRIP BRK 4 2 3 2 2

CRIMP 0 0 1 0 1

WRAP 1 0 0 1 1

BASE 0 0 0 1 1

LABEL 0 1 1 1 2

FILL 1 1 1 0 0

Subgroup 6 7 8 9 10

Time 08:20:00 08:36:00 08:52:00 09:08:00 09:24:00

Date 03/16/XX 03/16/XX 03/16/XX 03/16/XX 03/16/XX

Sample Size 50 50 50 50 50

Defective 6 5 3 7 6

STRIP BRK 4 1 1 5 0

CRIMP 1 0 1 1 1

WRAP 0 1 0 0 1

BASE 0 1 0 0 1

LABEL 1 1 1 1 2

FILL 0 1 0 0 1

Subgroup 11 12 13 14 15

Time 09:40:00 09:56:00 10:12:00 10:28:00 10:42:00

Date 03/16/XX 03/16/XX 03/16/XX 03/16/XX 03/16/XX

Sample Size 50 50 50 50 50

FIGURE C10.1.2  Defective Orange Juice Cans Following Improvements
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cardboard-roll stock material. A direct correlation exists 
between the changeover times and the situations when the 
label is off center on the can. The operators involved in this 
operation are currently undergoing retraining.

q➛  assiGNMENT

To verify that the changes discussed above have had an 
impact on process quality, create an np chart and a Pareto 
diagram on the newest data in Figure C10.1.3. Discuss the 
results. What is the process capability now compared with 
before the changes? What should be done now?

FIGURE C10.1.2  Continued

Defective 2 4 3 6 5

STRIP BRK 2 3 1 3 4

CRIMP 0 0 0 1 0

WRAP 0 0 1 1 0

BASE 0 0 0 0 0

LABEL 0 1 0 1 1

FILL 0 0 1 0 0

Subgroup 16 17 18 19 20

Time 11:00:00 11:16:00 11:32:00 11:48:00 12:30:00

Date 03/16/XX 03/16/XX 03/16/XX 03/16/XX 03/16/XX

Sample Size 50 50 50 50 50

Defective 4 5 6 7 5

STRIP BRK 2 4 2 4 1

CRIMP 0 0 0 0 1

WRAP 0 0 1 0 1

BASE 1 0 1 1 0

LABEL 1 1 1 1 1

FILL 0 0 1 1 1

PART 3
Correction of the strip breakage problem involves some 
investigation into the type of plastic currently being used 
to make the strips. The investigators have determined that 
the purchasing department recently switched to a less ex-
pensive type of plastic from a new supplier. The purchas-
ing department never checked into the impact that this 
switch would have in the manufacturing department.

The investigators have shown the purchasing agent the 
results of the Pareto analysis and control charts and the 
old supplier has been reinstated, effective immediately. The 
unused plastic from the new supplier has been taken out 
of use and returned.

In a separate incident, the investigators have observed 
that the operators are not well trained in changing the 
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DEPT.: Forming PART NAME: OJ can

PART NO.: OJ-1 MACHINE: Spinner

GROUP: 1 VARIABLE: Seal

Subgroup 1 2 3 4 5

Time 07:00:00 07:18:00 07:36:00 07:54:00 08:12:00

Date 03/18/XX 03/18/XX 03/18/XX 03/18/XX 03/18/XX

Sample Size 50 50 50 50 50

Defective 2 1 2 0 1

STRIP BRK 0 0 0 0 1

CRIMP 0 0 1 0 0

WRAP 0 1 0 0 0

BASE 0 0 0 0 0

LABEL 2 0 1 0 0

FILL 0 0 0 0 0

Subgroup 6 7 8 9 10

Time 08:30:00 08:48:00 09:06:00 09:24:00 09:42:00

Date 03/18/XX 03/18/XX 03/18/XX 03/18/XX 03/18/XX

Sample Size 50 50 50 50 50

Defective 0 1 0 1 2

STRIP BRK 0 0 0 0 0

CRIMP 0 0 0 0 1

WRAP 0 0 0 0 0

BASE 0 1 0 1 0

LABEL 0 0 0 0 1

FILL 0 0 0 0 0

Subgroup 11 12 13 14 15

Time 10:00:00 10:18:00 10:36:00 10:54:00 11:12:00

Date 03/18/XX 03/18/XX 03/18/XX 03/18/XX 03/18/XX

Sample Size 50 50 50 50 50

Defective 1 0 2 1 2

STRIP BRK 0 0 1 0 0

CRIMP 0 0 0 1 1

WRAP 0 0 1 0 0

BASE 1 0 0 0 1

LABEL 0 0 0 0 0

FILL 0 0 0 0 0

Subgroup 16 17 18 19 20

Time 11:30:00 11:48:00 12:06:00 12:24:00 12:42:00

Date 03/18/XX 03/18/XX 03/18/XX 03/18/XX 03/18/XX

Sample Size 50 50 50 50 50

Defective 2 0 1 1 0

STRIP BRK 0 0 0 1 0

CRIMP 0 0 0 0 0

WRAP 0 0 0 0 0

BASE 0 0 1 0 0

LABEL 2 0 0 0 0

FILL 0 0 0 0 0

FIGURE C10.1.3  Orange Juice Defectives after Improvements
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q➛  assiGNMENT

Create a Pareto chart with the information provided in 
Figure C10.2.2. Are any of the categories related? Can they 
be grouped in any way? What problems should be tackled 
first?

FIGURE C10.2.3  February Summary of Daily Final 
Inspection Data for Table Knife Production. For 
Nonconformities by Type, See Figure C10.2.2.

q➛  CasE sTuDy 10.2 

Attribute Control Charts: u Charts

This case is the second of three related cases found in 
Chapters 9, 10, and 13. These cases seek to link infor-
mation from the three chapters in order to resolve qual-
ity issues. Although they are related, it is not necessary to 
complete the case in this chapter in order to understand or 
complete the cases in the other chapters.

Max’s B-B-Q Inc. manufactures top-of-the-line bar-
beque tools. The tools include forks, spatulas, knives, 
spoons, and shish-kebab skewers. Max’s fabricates both 
the metal parts of the tools and the resin handles. These are 
then riveted together to create the tools (Figure C10.2.1). 
Recently, Max’s hired a process engineer. His first assign-
ment is to study routine tool wear on the company’s stamp-
ing machine. In particular, he will be studying tool wear 
patterns for the tools used to create knife blades (Figure 
C10.2.2).

Each quarter, Max’s makes more than 10,000,000 
tools. Of these, approximately 240,000 are inspected for 
a variety of problems, including handle rivets, fork tines, 
handle cracks, dents, pits, butts, scratches, handle color, 
blade grinds, crooked blades, and others. Any tool that has 
a defect is either returned to the line to be reworked or it 
is scrapped. Figure C10.2.2 provides information for their 
first quarter inspection results.

q➛  assiGNMENT

Create a chart for nonconformities using the data in Figure 
C10.2.3. How is the process performing? What is the 
process capability?

FIGURE C10.2.1  Barbeque Tools

Subgroup Number n c

1 1,250 43

2 1,250 40

3 1,250 45

4 1,250 39

5 1,250 44

6 1,250 42

7 1,250 41

8 1,250 40

9 1,250 46

10 1,250 45

11 1,250 42

12 1,250 43

13 1,250 40

14 1,250 38

15 1,250 43

16 1,250 42

17 1,250 45

18 1,250 43

19 1,250 37

20 1,250 39

21 1,250 43

22 1,250 44

23 1,250 45

24 1,250 41

25   1,250   46

32,000 1056
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 j Case Study 11.2 Reliability

RELiabiLity

Product designers and manufacturers must pay careful 
attention to the customer’s expectations concerning 
a product’s intended function, life, and environmen-
tal conditions for use. Robust design creates reliable 
products and services in the long run. Customers judge 
a product’s performance on much more than what can 
be seen at the moment of purchase. Reliability plays a 
key role in the consumer’s perception of quality.

q➛ L E A R N I N G  O P P O R T U N I T I E S

1. To know what to look for in a comprehensive reliability 
program

2. To understand the importance of system reliability

3. To understand how performance during the life of a 
product, process, or system is affected by its design 
and configuration

4. To be able to compute the reliability of systems, in-
cluding systems in series, parallel, and hybrid combi-
nations

5. To familiarize the reader with the concept and con-
struction of a failure modes and effects analysis 
(FMEA) matrix

Kimtaro2008/Fotolia
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376 CHAPTER  ELEVEN

emergencies. (My wife is having a baby . . . where is the 
doctor?) The satellite relayed signals for nearly 90 per-
cent of the 45 million pagers in the United States as well 
as signals for dozens of broadcasters and data networks. 
Besides the silent pagers, gas stations couldn’t take credit 
cards; broadcasting stations went off the air; some data 
information networks were inoperable; in some buildings, 
elevator and office Muzak was silenced; and many flights 
were delayed as air traffic controllers and pilots sought 
information on high altitude weather.

All this chaos occurred because of the failure of the 
onboard computer that kept a five-year-old communica-
tion satellite pointed at the earth in a synchronized orbit 
22,300 miles high. The $250 million, nine-foot cube with 
two 50-foot solar-panel wings had a projected failure rate 
of less than 1 percent. No backup systems were in place or 
considered necessary. Is a failure rate of less than 1  percent 
acceptable? How was system reliability determined? What 
can be done to improve system reliability? This chapter 
provides an introduction to reliability concepts.

Not worried about pagers? Consider the Spacecom 
satellite that failed in November 2015. The company 
worked for around the clock for days to restore telecommu-
nications and television service to a large portion of Africa. 
Other examples abound. It only takes one small disruption, 
whether a tsunami, earthquake or power failure, to shut 
down communications. Reliability can not be ignored.

“The Day the Beepers Died,” Newsweek, June 1, 1998, 
p. 48.

“One Satellite Fails, and the World Goes Awry,” The 
Wall Street Journal, May 21, 1998. q➛
Recognizing that reliability, or quality over the long 

run, plays a key role in the consumer’s perception of 
quality, companies understand the importance of having 
a sound reliability program. Reliability testing enables a 
company to better comprehend how their products will 
perform under normal usage as well as extreme or unex-
pected situations. Reliability programs provide information 
about product performance by systematically studying the 
product. To ensure product quality, reliability tests subject 
a product to a variety of conditions besides expected opera-
tional parameters. These conditions may include excessive 
use, vibration, damp, heat, cold, humidity, dust, corrosive 
materials, and other environmental or user stresses. By pro-
viding information about product performance, a sound 
reliability program can have a significant effect on a compa-
ny’s financial statements. Early product testing can prevent 
poorly designed products from reaching the marketplace. 
Later testing can improve upon products already in use.

RELiabiLity PROGRaMS
Reliability programs endeavor to incorporate reliability 
concepts into system design. Reliability issues surface in 
nearly every facet of system design, development, creation, 
use, and service. A well-thought-out reliability program 
will include the areas of design, testing, manufacture, raw 

RELiabiLity
A car, the Internet, an automated teller machine, electricity, 
running water, pagers, the telephone—are these everyday 
items that you take for granted? Have you ever contem-
plated what happens if they fail? What happens if your car 
won’t start? Do you get a ride from someone? Stay home? 
Take the bus or a cab? What happens if the Internet fails? 
Loss of access to information? Millions of missing e-mail 
messages? Lost Web pages? And if the telephone doesn’t 
work? Can’t call home? Can’t call the hospital? What hap-
pens if the data-processing centers, which tell ATMs whether 
or not to hand out money, have a system failure? No cash 
for you?

Our society depends on the high-tech devices that 
make our lives easier. We have become so used to their 
presence in our lives that their sudden failure can bring 
about chaos. Yet, how much attention do we pay to the 
reliability of the devices we take for granted? Sometimes 
we become aware of reliability issues only when the device 
fails at a particularly critical time.

Reliability, or quality over the long term, is the ability 
of a product to perform its intended function over a period 
of time and under prescribed environmental conditions. 
The reliability of a system, subsystem, component, or part 
depends on many factors, including the quality of research 
performed at its conception, the robustness of the original 
design and any subsequent design changes, the complexity 
of the design, the manufacturing processes, the handling 
received during shipping, the environment surrounding its 
use, the end user, and numerous other factors. Economics 
must be considered too. Designers must decide how to bal-
ance the costs associated with a robust design with the need 
for one. The causes of unreliability are many. Improper 
design, less-than-specified construction materials, faulty 
manufacturing or assembly, inappropriate testing leading 
to unrealistic conclusions, and damage during shipment 
are all factors that may contribute to a lack of product 
reliability. Once the product reaches the user, improper 
start-ups, abuse, lack of maintenance, or misapplication 
can seriously affect the reliability of an item. Reliability 
studies are looking for the answers to such questions as: 
Will it work? How long will it last? 

Since the advent of the telegraph and the telephone, we 
have come to rely on electronic communication. Though 
we have progressed from system outage due to downed 
power lines, we are still very susceptible to failure. Fortu-
nately today’s systems are very reliable, so much so that we 
aren’t sure how to function without them.

Example 11.1 Sudden Failure
Consider the chaos caused in 1998, when a communica-
tion satellite failed, rendering digital pagers across the 
United States silent. Imagine the effect on a personal 
level. Romances on the rocks when couples unaware of the 
problem try unsuccessfully to page each other. (Why didn’t 
you return my page?) Parents unable to check in with their 
kids, and vice versa. (Where were you?) Imagine not being 
able to contact doctors, nurses, or police to respond to 
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decreases the product’s reliability. The greater the number 
of components, the greater the complexity and the easier it 
is for some aspect of the product, process, or system to fail.

5. Redundant and fail-safe features. Can the addi-
tion of redundant components or fail-safe features prevent 
overall system failure? At what cost?

Incremental increases in reliability should be balanced 
against costs. Products can be overdesigned for their pur-
poses. There is a diminishing return on investment for this 
approach to achieving a reliable product. Is it preferable 
to avoid specially designed parts and components for the 
sake of easy availability? Will interchangeability decrease 
maintenance complexity?

6. Manufacturing methods and purchasing require-
ments. Have the chosen manufacturing methods 
enhanced system quality and reliability? Have purchasing 
policies been designed to support quality and reliability?

Purchasing and manufacturing must be made aware of 
how critical it is to purchase and use the materials deemed 
appropriate for the life cycle of this product.

7. Maintenance of complete product or system perfor-
mance records. Can this information be used to increase 
future system reliability?

System reliability information from tests or from 
actual experience with the product or system should be 
gathered in a manner that will be meaningful when used 
for decisions concerning product or system design changes, 
development of new products or systems, product or sys-
tem manufacture, operation, maintenance, or support.

8. Communication. Have clear channels of commu-
nication been established among all those involved in the 
design, manufacture, shipment, maintenance, and use of 
the product or system?

 While perhaps not a complete list, the above areas 
for consideration form the basis of a well-structured reli-
ability program. When the program provides answers to 
the questions, system reliability is enhanced.

Example 11.2 Disasters That Could Have Been 
Averted
Sometimes it is difficult to comprehend that a complete 
reliability program improves overall system reliability. Con-
sider some examples from real-life events where the criti-
cal aspects we discussed above were ignored:

Aspect 1. The Entire System. In 1981, a walkway 
at the Kansas City Hyatt Regency Hotel collapsed, result-
ing in the loss of 100 lives. The failure was caused by a 
design change that substituted two short rods in place 
of the original long rod. An understanding of the entire 
system could have averted this disaster. The use of two 
rods doubled the load on the washer and nut holding the 
assembly together, but when the design was changed, the 
washer and nut were not strengthened. The undersized nut 
and washer allowed the rod to be pulled through the box 
beam. The entire system, including the nut and washer, 
should have been considered in the new design.

material and component purchases, production, packag-
ing, shipping, marketing, field service, and maintenance. A 
sound reliability program developed and implemented to 
support a robust system will consider the following aspects.

1. The entire system. What composes the system? 
What goals does the system meet? What are the compo-
nents of the system? How are they interrelated? How do 
the interrelationships influence the overall system reliabil-
ity? What are the system reliability requirements set by the 
customer?

Critical to ensuring system reliability is a complete 
understanding of purpose of the product. Everyone 
involved in providing the system must have a complete 
understanding of the product. The consumer’s reliability 
needs and expectations must be a part of product reli-
ability. Also important is an understanding of the life 
of a product. How is it shipped? How is it transported 
and stored? What type of environment will it face during 
usage? Comprehensive knowledge of a product and its life 
is the foundation of a strong reliability program.

2. The humans in the system. What are their limita-
tions? What are their capabilities? What knowledge do they 
have of the product? How will this knowledge affect their 
use of the product? How might they misuse the product?

Product reliability can be increased if greater emphasis 
is placed on proper training and education of the users of 
the product. Appropriate steps must also be taken to ensure 
that the sales department does not promise more than the 
product can deliver. Setting the expectations of the users is 
as important as showing them how to use a product.

3. Maintenance of the system. Can the components 
or subassemblies be maintained separately from the sys-
tem? Are the system components accessible? Is the system 
designed for replacement components or subsystems? Are 
those components or subsystems available? Can those 
components or subsystems be misapplied or misused? Will 
maintenance be performed under difficult circumstances?

If and when a component or a system fails, those using 
the system or component will be interested in the length 
of time it takes to return the failed system, subsystem, or 
component to full operational status. Changes to product, 
process, or system design based on maintainability con-
siderations are sure to include an investigation of factors 
such as ease of repair or replacement of components, costs, 
and time. Well-designed policies, practices, and procedures 
for effective preventive maintenance before a failure occurs 
and timely corrective maintenance after a failure occurs 
increase overall system reliability.

4. Simplicity of design. Will a simple design be more 
effective than a complicated one? Will a reduction in the 
number of elements increase the system reliability? Will the 
addition of elements increase the system reliability?

Simple, straightforward designs will increase system 
reliability. Designs of this sort are less likely to break down 
and are more easily manufactured. In some instances, the 
effort to impress with the current technological wizardry 
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Aspect 3. Maintenance of the System. According to 
a 2004 Purdue University study of 1,300 aviation inci-
dents and accidents, maintenance errors, such as incom-
plete or incorrect tasks, were the primary contributing 
factors in 14 percent of aviation incidents and 8 percent 
of accidents. These figures, compiled from 1984–2002 
records, are for all types of planes, from propeller to jumbo 
jet. The leading cause: Failure to Follow Maintenance Pro-
cedures. Though weather, turbulence, and pilot error still 
contribute the largest share of accidents and incidents, 
these maintenance figures reveal a problem exists.

Aspect 4. Simplicity of Design. Less than two min-
utes after its launch on January 28, 1986, the space shut-
tle Challenger exploded, killing all aboard. Investigation 
into the disaster revealed that the cause of the accident 
was the failure of both the primary and the secondary 
O-rings on the right solid rocket booster. The design of the 
rocket joints on the space shuttle Challenger was based 
on the highly successful Titan III rocket. The joints of the 
Titan contained a single O-ring. When adapting the design 
for the space shuttle, designers felt that adding a second 
O-ring would make the design even more reliable. Investi-
gation of the design after the explosion revealed that the 
additional O-ring had contributed to the disaster. Design-
ers have redesigned the rocket to include a third O-ring, 
but will it increase reliability?

Aspect 4. Simplicity of Design. In 2005, Hurricane 
Katrina ravaged New Orleans. Failure of the levees sur-
rounding the city caused billions of gallons of water to 
flood the low-lying areas. Following the disaster, investiga-
tors determined that the primary cause of failure was the 
inadequate design and construction of the levees by the 
Corps of Engineers.

Aspect 5. Redundant and Fail-Safe Features. The 
interchangeability of air filters from the lunar module and 
the command ship became an issue for the astronauts on 
Apollo 13. The air filters for the command ship could not 
be used on the lunar module, and vice versa. There were 
no redundant or backup systems available when the main 
systems failed. Only through the ingenuity of the scientists 
and engineers at NASA, who managed to use available 
materials on both ships to create a substitute filter, was 
disaster prevented.

Aspect 5. Redundant and Fail-Safe Features. In 
September 1991, American Telephone and Telegraph Co. 
experienced its third major system breakdown. Besides 
disrupting long distance service for 1 million people, the 
system failure abruptly cut off contact between air traffic 
controllers and airline pilots in the Northeast. While no 
serious accidents occurred—fast thinking pilots commu-
nicated their positions to each other—a massive tie-up in 
air traffic occurred across the country. In the months prior 
to this disruption, the Federal Aviation Administration had 
lobbied unsuccessfully to gain permission from the Gen-
eral Services Administration to switch to a phone system 
with greater reliability and redundancy.

Aspect 1. The Entire System. In December 2004, 
a poorly designed warning system failed to alert key com-
munities that an Indian Ocean tsunami was on the way. 
The massive undersea earthquake was detected by seismic 
monitoring stations but the warnings did not reach those 
in need. Hundreds of thousands of lives were lost because 
of the failure of an entire system.

Aspect 1. The Entire System. During the summer 
of 1996, power outages plagued Western states, leaving 
offices, businesses, and homes without lights, air con-
ditioning, elevators, computers, cash registers, faxes, 
electronic keys, ventilation, and a host of other services. 
Traffic chaos resulted when traffic signals failed to func-
tion. During one outage, 15 states were without power. 
This particular power failure occurred when circuit break-
ers at a transmission grid were tripped. The interrupted 
flow of power caused generators further down the line to 
overload. Automatic systems, activated in the event of an 
overload, cut power to millions of customers. Six weeks 
later, a second power grid failure resulted when sagging 
transmission lines triggered a domino effect similar to the 
previous outage. This outage affected 10 states and at 
least 5.6 million people for nearly 24 hours. When millions 
of people rely upon highly complex and integrated systems 
such as power transmission and satellites, these systems 
need careful consideration from a reliability point of view.

Not much has changed since 1996. Power outages 
continue to be prevalent. One massive power outage on 
August 14, 2003, left 50 million people in the United 
States and Canada without power for days. In the summer 
of 2004, Athens, Greece, experienced a series of power 
outages that threatened to disrupt the Olympics. Studies of 
power outages reveal the shortcomings that contribute to 
these massive failures. Blackouts can be caused by unreli-
able or faulty equipment; voluntary reliability standards; 
overloaded transmission lines; untrained, unprepared, or 
overtaxed repair personnel; and poor planning.

Aspect 2. The Human in the System. Often we think 
of reliability as an equipment-based system; however, reli-
able systems are needed in other, more human-oriented 
systems. As reported in the Wall Street Journal article “It’s 
9 p.m., Do You Know Where You Parked Your Car?” guest 
services managers at all major parking lots have systems in 
place designed to reunite patrons with their vehicles. While 
some guest services managers operate handheld computers 
running a license plate information location program, which 
finds cars based on license plate information scanned from 
parked cars, most still rely on the guest’s memory.

Aspect 3. Maintenance of the System. Sinks, showers, 
and bathtubs are all common items found in homes. These 
systems are so reliable that we take them for granted—that 
is, until they break. In many homes, it is these items’ very 
reliability that causes designers and builders to overlook 
creating access to the plumbing. When no access has been 
provided, maintenance of the system may require cutting 
holes in walls. With some forethought about system repair 
needs, maintenance access panels can be installed.
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materials, marginal components, incorrect installation, or 
poor manufacturing techniques. Incomplete testing may 
not have revealed design weaknesses that become appar-
ent only as the consumer uses the system. Inadequate 
quality checks could have allowed substandard products 
to leave the manufacturing area. The manufacturing pro-
cesses or tooling may not have been capable of producing 
to the specifications needed by the designer. The consumer 
also plays a role in product reliability. Once the product 
reaches the consumer, steps must be taken to ensure that 
the consumer understands the appropriate environment for 
product use. Consumers need to receive training on how 
to operate and handle the product. Using improper proce-
dures will affect the reliability of a product.

During the chance failure portion of a product’s useful 
life, failures occur randomly. This may be due to inad-
equate or insufficient design margins. Manufacturing or 
material problems have the potential to cause intermittent 
failures. At this stage the consumer can also affect product 
reliability. Misapplication or misuse of the product by the 
consumer can lead to product failure. Overstressing the 
product is a common cause of random failures. Because 
of their unfamiliarity with product capabilities, consumers 
may inadvertently overstress the product.

As the product ages, it approaches the final stage of 
its life cycle, the wear-out phase. During this phase, fail-
ures increase in number until few, if any, of the product 
are left. Wear-out failures are due to a variety of causes, 
some related to actual product function, some cosmetic. 
A system’s reliability, useful operation, or desirability may 
decrease if it becomes scratched, dented, chipped, or other-
wise damaged. Age and the associated wear, discolorations, 
and brittleness may lead to material failure. Normal wear 
could decrease reliability through misalignments, loose fit-
tings, and interference between components. Combined 
stresses placed on the product (like the zipper or latches on 
a suitcase) during its lifetime of use are a source of decreased 
reliability. Neglect or inadequate preventive maintenance 
lessens product reliability and shortens product life.

MEaSURES OF RELiabiLity
Systems are orderly arrangements or combinations of 
parts, components, and subassemblies. These elements 
interact with each other and with external factors, such 
as humans and other systems, to perform their intended 
functions. Overall system reliability depends on the indi-
vidual reliabilities associated with the parts, components, 
and subassemblies. Reliability values are sought to deter-
mine the performance of a product. Reliability studies also 
reveal any recurring patterns of failure and the underlying 
causes of those failures.

Reliability tests exist to aid in determining if distinct 
patterns of failure exist during the product’s or system’s 
life cycle. Reliability tests determine what failed, how it 
failed, and the number of hours, cycles, actuations, or 
stresses it was able to bear before failure. Once these data 
are known, decisions can be made concerning product reli-
ability expectations, corrective action steps, maintenance 

Aspect 5. Redundant and Fail-Safe Features. On 
December 20, 1997, air traffic over the central United 
States was disrupted by a multiple-level power failure. Air 
traffic control systems maintain three backup systems. 
The combined reliability of such systems is considered to 
be greater than 99.5 percent. On December 20, however, 
one system was shut down for scheduled maintenance, 
the commercial power failed, and a technician mistakenly 
pulled a circuit card from the remaining power system. 
With no other backups, the air traffic control information 
system, including computers, software, and displays, was 
inoperable for about five hours. The unexpected failure of 
the redundant and backup systems needs to be carefully 
considered as part of overall reliability.

Aspect 6. Manufacturing Methods and Purchasing 
Requirements. On April 20, the explosion of the Deep-
water Horizon oil rig caused the largest marine oil spill 
in history. Following the disaster, investigation revealed 
that a surge of natural gas blasted through a concrete cap 
installed to seal the well for later use. The concrete mixture 
used to create the cap contained nitrogen gas to acceler-
ate the curing process. Unfortunately, this weakened the 
concrete making it unable to resist the pressure of the gas.

Aspect 8. Communication. Catastrophic events can 
overwhelm even the most robust communication systems. 
On September 11, 2001, communication system failure 
contributed to the deaths of at least 300 firefighters when 
the World Trade Center collapsed.

Aspect 8. Communications. Earthquakes like the 
one that struck Kobe, Japan and hurricanes like Ivan or 
Katrina destroy or severely damage communication sys-
tems. When these systems break down, relief efforts are 
often delayed, stranding countless thousands without food, 
water, or  shelter.  q➛

PRODUCt LiFE CyCLE CURVE
The life cycle of a product is commonly broken down into 
three phases: early failure, chance failure, and wear-out 
(Figure 11.1). The early failure, or infant mortality, phase 
is characterized by failures occurring very quickly after the 
product has been produced or put into use by the con-
sumer. The curve during this phase is exponential, with 
the number of failures decreasing the longer the product 
is in use. Failures at this stage have a variety of causes. 
Some early failures are due to inappropriate or inadequate 

FIGURE 11.1  General Life Cycle Curve
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Ever since Charles E. Taylor, the father of aviation maintenance, 
began working with the Wright Brothers to repair parts and 
components on such early models as the Wright B flier, aircraft 
maintenance programs have existed. Airlines recognize that the 
effectiveness of their organization depends on aircraft operational 
readiness, the overall reliability of their planes. The wisdom of 
participating in a preventive maintenance program is often justified 
by tracking reliability measures such as mean time to failure, mean 
time to repair, and availability rates.

Knowing that the reliability of landing gear components can 
materially affect aircraft operational readiness, CLP Corporation 
reviewed their two approaches to maintaining the reliability of 
their two separate fleets of aircraft. The objective of their review 
was to determine whether life cycle management of landing gear 
increased aircraft reliability and cost effectiveness.

To better manage maintenance, repair, and replacement costs, 
aircraft owners study their fleets, monitoring the reliability of key 
components. Aircraft landing gear reliability is often judged based 
on the number of takeoff-and-landing cycles completed. Planes, 
as well as their individual components, follow the life cycle curve 
presented in Figure 11.1. Fortunately, robust designs of key com-
ponents and routine maintenance and repair often keep planes 
flying long after their predicted number of takeoff-and-landing 
cycles or flights has passed. In this example, the expected life of 
landing gear for both larger and smaller jets is 8,000 takeoff-and-
landing cycles.

CLP’s two jet fleets are managed as separate business enti-
ties. The smaller jets make short hops around the country, 
whereas the larger jets, with their greater fuel capacity, tend to be 
used for cross-country or cross-continent, longer duration flights. 
A study of the maintenance records revealed that CLP’s smaller, 
150-passenger jets experienced a greater number of landing gear 
reliability issues than the larger, 250-passenger jets. In short, the 
smaller jets are not as reliable as the larger jets.

At first glance, it may appear that the greater number of 
landing gear mishaps may be due to the smaller jets’ greater 
number of landings and takeoffs. Further investigation uncov-
ered that, as they aged, the smaller jets experienced lower 
landing gear reliability than the larger jets. Mishaps related to 
landing gear accounted for 9 percent of total aircraft mishaps 
from 1995 through 2004. Of 13 mishaps related to landing 
gear, 11 occurred on smaller jets and 2 occurred on larger jets. 
True to the life cycle curve, as the jets have aged, failures have 
increased.

Although mishaps cannot always be prevented through main-
tenance, aircraft that had a program of landing gear maintenance 
experienced reduced mishap rates and had greater reliability. A 
fully defined life cycle management process for the larger jets’ 
landing gear from the time of acquisition through production 
and deployment has been in place for several years. Because the 
smaller jets did not have this process in place, they were less reli-
able, needing maintenance, repair, and replacement at a greater 
rate and at higher costs than the larger jets.

The smaller jets have historically been maintained on an as-
needed, on-location program rather than returning to a single 
maintenance facility. The larger jets, with their maintenance 
process, have all but emergency work taken care of at a single 
maintenance facility. One significant benefit of having repairs 
performed at a single location is the increase in worker knowledge 
of the aircraft of and its components. Another critical factor in 
reducing mean time to repair is that one location provides easy 
access to replacement parts. As the smaller jets aged, flight line 
maintenance becomes less effective, reliability levels decrease, 
and maintenance, repair, and replacement costs increase.

The larger jet management team maintained thorough records 
related to maintenance, repair, and replacement costs both 
before and after implementing the preventive maintenance pro-
gram for the larger jets. In Table 11.1, these differences have 
been  quantified using reliability concepts. The MTBF rates were 
calculated based on the number of failures observed by the main-
tenance staff and the number of takeoff-and-landing cycles the 
jets had completed. Aircraft availability calculations include the 
mean time to repair, that is, the average time it takes to return 
the jet to service after repairing a landing gear system compo-
nent. The maintenance costs are the average total costs to repair 
or replace the failed landing gear.

The reliability calculations related to MTBF and availability 
show the significant difference between the costs associated with 
planned maintenance and unplanned maintenance, as well as the 
difference between availabilities of aircraft. Based on operational 
maintenance records, CLP Corporation recognized that reduced 
reliability related to landing gear, coupled with aging aircraft 
concerns, necessitated a change in its maintenance processes for 
its smaller jets. By comparison, the larger jets, with their mainte-
nance process approach, have highly maintainable landing gear 
with an extended life and increased aircraft reliability. The land-
ing gear maintenance process is only one of their many preventive 
maintenance programs. Overall, the larger jets’ preventive main-
tenance program is projected to save the corporation over $100 
million in a 10-year period.

Having a preventive maintenance process increases product 
reliability, resulting in:

Increased effectiveness (availability for deployment)

Lower risk of failure

Increased component life

Reduced remote location maintenance workload

Greater maintenance knowledge at single facility

 Increased ability to project life cycle costs associated with 
maintenance and component replacement

Lower risk of grounding an aircraft or an entire fleet

Fewer incidents needing crisis management

Increased morale

Aircraft Landing Gear Life Cycle Management REaL tOOLS for REaL LiFEq➛

procedures, and costs of repair or replacement. Several 
different types of tests exist to judge the reliability of a 
product, including failure-terminated, time-terminated, 
and sequential tests. The name of each of these tests says 
a good deal about the type of the test. Failure-terminated 
tests are ended when a predetermined number of fail-
ures occur within the sample being tested. The decision 

concerning whether or not the product is acceptable is 
based on the number of products that have failed dur-
ing the test. A time-terminated test is concluded when an 
established number of hours is reached. For this test, prod-
uct is accepted on the basis of how many products failed 
before reaching the time limit. A sequential test relies on 
the accumulated results of the tests.
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q➛

 lestimated =
number of failures observed
sum of test times or cycles

 =
3

125 + 152 + 189 + (17)200
= 0.0008

From this, u, the average life, can be calculated:

uestimated =
1
l

=
1

0.0008
= 1,250 hours

or

 uestimated =
sum of test times or cycles
number of failures observed

 =
125 + 152 + 189 + (17)200

3
 = 1,289 hours

The average life of the windshield wiper motor is 1,289 
hours.

Here, the difference between uestimated based on 
1/l and uestimated calculated directly is due to rounding.  
 q➛
MTBF and MTTF describe reliability as a function of 

time. Here the amount of time that the system is actually 
operating is of great concern. For example, without their 
radar screen, air traffic controllers are sightless and there-
fore out of operation. To be considered reliable, the radar 
must be functional for a significant amount of the expected 
operating time. Since many systems need preventive or cor-
rective maintenance, a system’s reliability can be judged in 
terms of the amount of time it is available for use:

Availability =
mean time to failure (MTTF)
MTTF + mean time to repair

MTBF values can be used in place of MTTF.

Example 11.4 Determining Availability
Windshield wiper motors are readily available and easy 
to install. Calculate the availability of the windshield 

Failure Rate, Mean Life, and Availability
When system performance is time dependent, such as the 
length of time a system is expected to operate, then reli-
ability is measured in terms of mean life, failure rates, 
availability, mean time between failures, and specific mis-
sion reliability. As a system is used, data concerning fail-
ures become available. This information can be utilized 
to estimate the mean life and failure rate of the system. 
Failure rate, l, the probability of a failure during a stated 
period of time, cycle, or number of impacts, can be cal-
culated as

lestimated =
number of failures observed
sum of test times or cycles

From this, u, the average life, can be calculated:

uestimated =
1
l

or

uestimated =
sum of test times or cycles

number of failures observed

The average life u is also known as the mean time 
between failure (MTBF) or the mean time to failure 
(MTTF). MTBF, how much time has elapsed between fail-
ures, is used when speaking of repairable systems. MTTF 
is used for nonrepairable systems.

Example 11.3 Calculating Failure Rate and 
Average Life
Twenty windshield wiper motors are being tested using a 
time-terminated test. The test is concluded when a total of 
200 hours of continuous operation have been completed. 
During this test, the number of windshield wipers that fail 
before reaching the time limit of 200 hours is counted. If 
three wipers failed after 125, 152, and 189 hours, calcu-
late the failure rate l and the average life u:

MTBF with Planned 
Maintenance

Cost with Planned 
Maintenance

Aircraft  
Availability

MTBF w/o Planned 
Maintenance

Cost w/o Planned 
Maintenance

Aircraft  
Availability

Left Main

Landing Gear* 8,300 $380,140 99% 3,917 $506,680 78%

Right Main

Landing Gear* 8,186 $421,127 99% 3,043 $568,438 74%

Nose Landing Gear* 7,400 $407,392 98% 5,138 $473,413 68%

*Expected life: 8,000 takeoff-and-landing cycles.

tabLE 11.1 Cost Analysis for Planned Maintenance Using Mean Time Between Failures (MTBF)
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where

 Rs = reliability of series system
 ri = reliability of component
 n = number of components in system

Example 11.5 Calculating Reliability in a Series 
System I 
Chosen for its simplicity, a flashlight is an excellent 
example of reliability in series. Even with LED lights and 
improved batteries, nearly everyone who has used a flash-
light has experienced some sort of system failure. The reli-
ability values for the flashlight components pictured in 
Figure 11.3 are listed below. If the components work in 
series, what is the reliability of the system?

Battery 0.75 Screw cap 0.97

Light bulb 0.85 Body 0.99

Switch 0.98 Lens 0.99

Spring 0.99

 Rs = r1 # r2 # r3 # g rn
 = 0.75 # 0.98 # 0.85 # 0.99 # 0.97 # 0.99 # 0.99

 = 0.59

This flashlight has a reliability of only 0.59. Perhaps the 
owner of this flashlight ought to keep two on hand! q➛
Example 11.6 Calculating Reliability in a Series 
System II 
Figure 11.4 displays a block diagram representing 
three clean water supply systems, each system increasing 
in complexity. The first filter filters out leaves and dirt 
that may clog the pump. Following the pump, a char-
coal filter cleans microorganisms out of the water before 
it is  chlorinated. Calculate the reliability of each of the 
systems.

 Rs1
= r1 # r2 # r3 # g # rn

 = 0.95 # 0.98 # 0.90 # 0.99 = 0.83
 Rs2

= r1 # r2 # r3 # g # rn
 = 0.95 # 0.98 # 0.98 # 0.90 # 0.99 = 0.81

 Rs3
= r1 # r2 # r3 # g # rn

 = 0.95 # 0.98 # 0.98 # 0.90 # 0.99 # 0.98 = 0.80

Even though the reliability of the additional components 
is high, as the system increases in complexity, the overall 
system reliability decreases. q➛
Notice from this example that the reliability of a sys-

tem decreases as more components are added in series. 
This means that the series system reliability will never be 
greater than the reliability of the least reliable component. 
Sustained performance over the life of a product or pro-
cess can be enhanced in several ways. Parallel systems and 
redundant or standby component configurations can be 
used to increase the overall system reliability.

wipers on a bus driven eight hours a day, if the mean time 
between failure or average life u is 1,250 hours. When the 
windshield wiper motor must be replaced, the bus is out 
of service for a total of 24 hours.

 Availability =
mean time between failure (MTBF)

MTBF + mean time to repair

 =
1,250

1,250 + 24
= 0.98

The bus is available 98 percent of the time. q➛
Calculating System Reliability
When system performance depends on the number of 
cycles completed successfully, such as the number of times 
a coin-operated washing machine accepts the coins and 
begins operation, then reliability is measured in terms of 
the probability of successful operation. This type of reli-
ability calculation has probability theory as its basis. Reli-
ability is the probability that a product will not fail during 
a particular time period. Like probability, reliability takes 
on numerical values between 0.0 and 1.0. A reliability 
value of 0.78 is interpreted as 78 out of 100 parts will 
function as expected during a particular time period and 
22 will not. If n is the total number of units being tested 
and s represents those units performing satisfactorily, then 
reliability R is given by

R =
s
n

System reliability is determined by considering the 
reliability of the components and parts of the system. 
To calculate system reliabilities, the joint probabilities of 
their independent failure rates must be utilized. As systems 
become more complex, these calculations become increas-
ingly more difficult. Interdependence of components in a 
system cannot be overlooked. In a system, the failure of 
one component could influence the failure of another com-
ponent through load transferal, changes to the immediate 
environment, and many other factors.

Reliability in Series A system in series exists if proper sys-
tem functioning depends on whether all the components in 
the system are functioning. Failure of any one component 
will cause system failure. Figure 11.2 portrays an example 
of a system in series. In the diagram, the system will func-
tion only if all four components are functioning. If one 
component fails, the entire system will cease functioning. 
The reliability of a system in series depends on the indi-
vidual component reliabilities. To calculate series system 
reliability, the individual independent component reliabili-
ties are multiplied together:

Rs = r1 # r2 # r3 # g # rn

FIGURE 11.2  System in Series

R1 R2 R3 R4
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Example 11.7 Determining Reliability in a 
Parallel System I 
On a twin-engine aircraft, two alternators support a single 
electric system. If one were to fail, the other would allow 
the electrical system to continue to function. As shown in 
Figure 11.6, these alternators each have a reliability of 
0.9200. Calculate their parallel reliability:

 Rp = 1 - (1 - r1)(1 - r2)

 = 1 - (1 - 0.9200)(1 - 0.9200) = 0.9936

Even though the alternators’ reliability values individually 
are 0.9200, when combined they have a system reliability 
of 0.9936. q➛
Example 11.8 Determining Reliability in a 
Parallel System II 
In the 1920s, an airplane called a Ford Tri-motor was 
built. As the name suggests, this plane had three motors to 
increase its reliability. Today, triple-engine aircraft include 
DC-10s and L-1011s. Since the duplicated or paralleled 

Reliability in Parallel A parallel system is a system that is 
able to function if at least one of its components is function-
ing. Figure 11.5 displays a system in parallel. The system will 
function provided at least one component has not failed. In 
a parallel system, all of the components that are in parallel 
with each other must fail in order to have a system failure. 
This is the opposite of a series system in which, if one compo-
nent fails, the entire system fails. Since the duplicated or par-
alleled component takes over functioning for the failed part, 
the reliability of this type of system is calculated on the basis 
of the sum of the probabilities of the favorable outcomes: the 
probability that no components fail and the combinations 
of the successful operation of one component but not the 
other(s). The reliability of a parallel system is given by

Rp = 1 - (1 - r1)(1 - r2)(1 - r3) g (1 - rn)

where

 Rp = reliability of parallel system
 ri = reliability of component
 n = number of components in system

FIGURE 11.3  Flashlight

Battery

Light bulb

Switch

Spring

Screw cap

Body

Lens

Reflector

FIGURE 11.4  Clean Water Supply Systems
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0.95 0.98 0.98 0.90 0.99 0.98

Filter Pump
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Filter Pump
Surge
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filter

Filter Pump
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the hospital lost power. The generator is tested frequently 
to ensure that it is capable of operating at a moment’s 
notice. It too is very reliable (0.9600). Calculate the reli-
ability of this system:

 Rb = r1 + rb(1 - r1)

 = 0.9800 + 0.9600(1 - 0.9800) = 0.9992

The overall reliability of this redundant system is 0.9992.  

 q➛
From a design point of view, redundancy is achieved 

through the use of design margins. These factors of safety 
are added to design calculations to provide coverage for the 
variability that exists in manufacturing, material strengths, 
potential misuse, and other stresses.

Invariably, redundancy increases the costs associated 
with a system. Whether these are initial costs or costs 
incurred in maintaining the system, there are trade-offs to 
be made between reliability, costs, and safety.

Reliability in Systems From a cost point of view, utilizing 
parallel systems for every situation is ineffective. Imagine 
equipping every car with two sets of headlights, two sets 
of taillights, two or four more doors, two engines, two 
batteries, and so on. Designers often use the advantages 
of parallel systems on critical components of an overall 
system. These systems, containing parallel components and 
components in series, are called combination systems. As 
the next example shows, calculating the reliability of such 
a system involves breaking down the overall system into 
groups of series and parallel components.

RELiabiLity ENGiNEERS
Reliability engineers are challenged to meet customer 
demands through enhanced product and process perfor-
mance. Reliability engineers work to design reliability into 
products by defining product and process configurations, 
specifying materials and applications, and determining 
optimal operating methods and environments. During pro-
duction, reliability engineers test and demonstrate the reli-
ability of systems and their components. In circumstances 
where limited information is available, they attempt to pre-
dict the reliability of components and systems on the basis 

motor takes over functioning for the failed motor, the reli-
ability of this type of system is calculated on the basis of 
the sum of the probabilities of the favorable outcomes: the 
probability that no components fail and the combinations 
of the successful operation of one component but not the 
other(s). If each of the motors on this aircraft has a reli-
ability of 0.9500, what is the overall reliability?

 Rp = 1 - (1 - r1)(1 - r2)(1 - r3)

 = 1 - (1 - 0.9500)(1 - 0.9500)(1 - 0.9500)
 = 0.9999

The overall reliability of the Ford Tri-motor is 0.9999.  

 q➛
System reliability increases as components are added 

to a parallel system. Reliability in a parallel system will be 
no less than the reliability of the most reliable component. 
Parallel redundancy is often used to increase the reliabil-
ity of a critical system; however, at some point there is a 
diminishing rate of return where the added costs outweigh 
the increased reliability. Parallel components are just one 
type of redundancy used to increase system reliability.

Reliability in Redundant Systems and Backup Compo-
nents Backup or spare components, used only if a pri-
mary component fails, increase overall system reliability. 
The likelihood of needing to access the spare or backup 
component in relation to the reliability of the primary com-
ponent is shown mathematically as

Rb = r1 + rb(1 - r1)

where

 Rb = reliability of backup system
 r1 = reliability of primary component
 rb = reliability of backup component

 1 - r1 = chance of having to use backup

Example 11.9 Calculating Reliability in a 
Redundant System 
A local hospital uses a generator to provide backup power 
in case of a complete electrical power failure. This genera-
tor is used to fuel the equipment in key areas of the hospi-
tal such as the operating rooms and intensive care units. In 
the past few years, the power supply system has been very 
reliable (0.9800). There has been only one incident where 

FIGURE 11.5  Parallel System

r1

r2

FIGURE 11.6  Systems in Parallel: Alternators

r1 = 0.9200

Alternator 1

r2 = 0.9200

Alternator 2
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generate a list of potential failures, rank the critical char-
acteristics, and generate a list of actions that can be taken 
to eliminate the causes of failures or at least reduce their 
rate of occurrence. FMEAs are critical in the design of any 
system, process, service, or product, especially since they 
help identify potential failure modes that may adversely 
affect safety or government regulation compliance. More-
over, they identify these problems before the process or 
system is used or the product is put into production. Six 
Sigma organizations utilize FMEA to improve the quality 
and reliability of their products, services, and processes. 
Three types of FMEAs exist: system, process, and design.

System FMEA
Systems enable organizations to accomplish tasks on a grand 
scale. Insurance companies have systems that enable them 
to process a high volume of claims every day. Manufactur-
ing systems allow users to track customer orders, inventory 
usage, and production rates. A system FMEA focuses on 
the big picture in order to optimize system designs, whether 
for services or manufacturing industries, determining the 
possible ways the system can fail. System FMEAs study the 
functions of the system and reveal whether design deficien-
cies exist. System FMEAs also study the interactions of the 

of information from available tests. Reliability engineers 
attempt to quantify the optimal maintenance schedule to 
reduce time between failures and increase the safe use of 
a product.

During the course of work, a reliability engineer may 
participate in design reviews; plan and conduct reliability 
tests; analyze the test data; and use the information gained 
from the tests to assist production, design engineering, 
quality assurance, sales, and purchasing. The information 
from the tests may be used to identify causes of reliability 
degradation. Reliability engineers may estimate the reli-
ability of a system and try to determine the life cycle of a 
product. They may write specifications for purchased items 
or for the items being manufactured.

FaiLURE MODES aND EFFECtS 
aNaLySiS
Six Sigma practitioners view failure modes and effects 
analysis (FMEA) as an effective failure prevention tech-
nique. FMEA is a systematic approach to identifying 
both the ways that a product, part, process, or service can 
fail and the effects of those failures. Once identified, these 
potential failure modes are rated by the severity of their 
effects and the probability the failure will occur. FMEAs 

In an endeavor to discourage thievery, JRPS has installed the alarm 
system shown in Figure 11.7. This system, wired to the doors and 
windows, sounds a siren and calls the police. It contains series, 
parallel, and backup components. Calculate the reliability of the 
system.

To calculate the overall system reliability, begin by determin-
ing the overall reliability of the components in parallel. The com-
bined reliability of the five sensors is

 Rp = 1 - (1 - r1)(1 - r2)(1 - r3) g (1 - rn)

 = 1 - (1 - 0.99)(1 - 0.99)(1 - 0.99)(1 - 0.99)(1 - 0.99)
 = 1.0

The combined reliability of the power source and battery is

 Rb = r1 + rb(1 - r1)

 = 0.92 + 0.88(1 - 0.92)
 = 0.99

The overall reliability of the system is

 Rs = rp # crcpu
# rkeypad

# rsiren
# rb

 = 1.0 # 0.99 # 0.90 # 0.95 # 0.99

 = 0.84

The overall reliability of the system is 0.84.

Calculating System Reliability at JRPS REaL tOOLS for REaL LiFEq➛

q➛FIGURE 11.7  Reliability Diagram: Alarm System
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Creating an FMEA
Though the focus of the three types of FMEAs is differ-
ent, their construction is similar. To conduct an FMEA, 
use a form similar to the one shown in Figure 11.8. The 
form should identify the FMEA; the system, process, or 
part under study; those responsible; important dates; and 
any other key data. Once the headings are complete, users 
brainstorm potential failure modes, causes, effects, and 
probabilities of occurrence.

FMEAs begin with the study of the system, process, 
or part. This information is listed by item and function 
(Figure 11.9). When studying the system, process, service, 
or part, ask these types of questions to help understand the 
system, process, service, or part:

Where and how will this system (process, service, part) 
be used?
In what conditions will this system (process, service, 
part) operate?
What are the interactions with other systems (pro-
cesses, services, parts)?
What is the ultimate function of this system (process, 
service, part)?

system with other systems and how subsystems within the 
system support and interact with each other.

Process FMEA
Process FMEAs assist in the design or redesign of manu-
facturing, assembly, or service processes. Process FMEAs 
identify the different ways that a process could fail and the 
effects of those failures. With this information, processes 
can be changed, controls can be developed, or detection 
methods can be put into place that will eliminate the pos-
sibility of process failure. Because they focus on poten-
tial process deficiencies, Six Sigma practitioners often use 
process FMEAs to identify and rank process improvement 
opportunities.

Design FMEA
Design FMEAs focus on products. Used during the product 
development stage, design FMEAs seek to identify poten-
tial product failure modes and the likelihood of those fail-
ures occurring. Design FMEAs assist in evaluating product 
design requirements and alternatives. Because they identify 
design deficiencies, they alert manufacturers to potential 
safety concerns.

FIGURE 11.8  Failure Modes and Effects Analysis Format

Failure Modes and E�ects Analysis
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Existing Controls,
Countermeasures,
Detection MethodsFailure E�ectPotential CausesFunction Potential Failure ModesItem

Team
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true cause of the failure. For each item’s potential failure 
mode, when determining potential failure causes, ask these 
types of questions:

What might have triggered this reaction in the system 
(process, service, part)?
What factors need to be in place to cause this failure to 
occur in the system (process, service, part)?
What would cause this system (process, service, part) 
to fail in this manner?
Under what circumstances would this system (process, 
service, part) fail to perform its intended function?
What can cause this system (process, service, part) to 
fail to deliver its intended function?

The potential failure effect is the consequence(s) of 
a system, process, service, or part failing (Figure 11.9). 

Potential failure modes are the many different ways 
in which a system, process, service, or part may fail to 
perform its intended function (Figure 11.9). For each item, 
when determining potential failure modes, ask these types 
of questions:

How can this system (process, service, part) fail to per-
form its intended function?
How would it be recognized that it didn’t perform its 
intended function?
What could go wrong?
How would it be recognized that something has gone 
wrong?

Potential failure causes are the different conditions 
that must be in place for the system, process, service, or 
part to fail (Figure 11.9). Be sure to find the proximate or 

FIGURE 11.9  Vehicle Exterior Lighting System FMEA
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FMEAs also estimate the probability of occurrence or 
the estimated frequency at which failure may occur during 
the life of the system, process, or part. In other words, what 
is the likelihood of this type of failure from this particular 
cause happening? The probability of occurrence can rank 
from impossible to almost certain. Figure 11.11 provides 
examples of occurrences ratings.

Using a risk priority code (RPC), FMEAs rank failures 
according to their severity and their chance of occurring. 
Risk priority codes identify and rank the potential design 
weaknesses so that users can focus their efforts and actions 
toward eliminating the most probable causes with the most 
severe results. As shown in Figure 11.12, a risk priority 
code is the product of the severity rating and the probability 
of occurrence. Items with RPCs of one are dealt with first.

When FMEAs are complete, Six Sigma practition-
ers develop recommended actions designed to prevent 
or reduce the occurrence of failure. Starting with items 
with an RPC equal to one, these actions are designed to 
reduce the chance of failure occurring as well as the con-
sequences associated with failure. These recommendations 
will include responsibilities, target completion dates, and 
reporting requirements for the actions taken.

Failure modes and effects analysis is an excellent 
method for capturing the relationship between the cus-
tomer requirements and how a system, process, service, or 
part may fail to meet these requirements. It identifies the 
causes and effects of the failures within a system, process, 
service, or part by critically examining a system, process, 
service, or part. Once identified by the FMEA, weaknesses 
in the system, process, service, or part can be eliminated 
or strengthened.

For each item’s potential failure mode, when determining 
potential failure effects, ask these types of questions:

If the system (process, service, part) fails, what will be 
the consequences on the operation, function, or status 
of the system (process, service, part)?
If the system (process, service, part) fails, what will be 
the consequences on the operation, function, or status 
of the related systems (processes, service, parts)?
If the system (process, service, part) fails, what will be 
the consequences for the customer?
If the system (process, service, part) fails, what will be 
the consequence on government regulations?

FMEAs capture the existing conditions or controls 
currently in place that work to prevent system, process, 
service, or part failure. These methods or controls are 
recorded on the FMEA for each failure mode. These exist-
ing countermeasures answer the questions:

How will this cause of failure be recognized?
How can this cause of failure be prevented?
How can this cause of failure be minimized?
How can this cause of failure be mitigated?

The severity of a failure refers to the seriousness of 
the effect of a potential failure mode. Having completed 
the sections of the FMEA dealing with failures, causes, 
and effects (modes), the severity of each effect must be 
assessed. Severity ratings can range from no effect to haz-
ardous effect. How many severity ratings used in an FMEA 
is up to those creating it. Figure 11.10 provides examples 
of severity ratings.

Effect Criteria

No Effect No effect

Very Slight Effect Very slight effect on performance; customer not annoyed. Nonvital component failure rarely noticed.

Slight Effect Slight effect on performance. Customer slightly annoyed. Nonvital component failure noticed 
occasionally.

Minor Effect Minor effect on performance. Customer will notice minor effect on system performance. Nonvital 
 component failure always noticed.

Moderate Effect Moderate effect on performance. Customer experiences some dissatisfaction. Nonvital component 
requires repair.

Significant Effect Performance degraded, but operable and safe. Customer experiences discomfort. Nonvital component 
inoperable.

Major Effect Performance severely affected but operable and safe. Customer dissatisfied. Subsystem inoperable.

Extreme Effect Inoperable but safe. Customer very dissatisfied. System inoperable.

Serious Effect Potentially hazardous effect. Compliance with government regulations in jeopardy.

Hazardous Effect Hazardous effect. Safety-related. Sudden failure. Noncompliance with government regulations.

FIGURE 11.10  Severity Rating Examples
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Occurrence Criteria

Almost Impossible Failure unlikely

Improbable Rare number of failures likely

Remote Very few failures likely

Possible Few failures likely

Occasional Occasional failures likely

Probable Several failures likely

Moderately High A moderate number of failures likely

Frequent A high number of failures likely

Very High A very high number of failures likely

Almost Certain Failure almost certain to occur

FIGURE 11.11  Occurrence Ratings Examples

FIGURE 11.12  Risk Priority Codes

Probability of Mishap

Risk Zones Probability of Mishap

2

3

Imperative
to suppress

A Frequent
Likely to occur
repeatedly during life 
cycle of system

Likely to occur several
times in life cycle
of system

Likely to occur some
time in life cycle
of system

Not likely to occur in life
cycle of system, but
possible

Probability of
occurrences cannot be
distinguished from zero

Physically impossible to
occur

Probable

Occasional

Remote

Improbable

Impossible

B

C

D

E

F

Operation
requires
written
guidelines
to operate

Operation
permissible

Note: Personnel must not be exposed
to hazards in Risk Zones 1 and 2.

F
Impossible

I
Catastrophic

2

3 2 2

2

II
Critical

III
Marginal

IV
Negligible

S
ev

er
ity

 o
f C

on
se

qu
en

ce
s

E
Improbable

D
Remote

C
Occasional

B
Probable

A
Frequent

Code Action

Level Descriptive
Word

Definition

1

1

M11B_SUMM3273_06_SE_C11.indd   389 10/28/16   8:06 PM



390 CHAPTER  ELEVEN

JRPS’s management is concerned about overall air quality within 
the plant, particularly the plating department. Some of the materi-
als used in this room can have an adverse effect on humans. For 
this reason, people in this room must wear personal protective 
devices. This area, located on an outside wall, is separated from 
the rest of the plant by floor-to-ceiling walls. Access to the area is 

limited to two doors. To verify the effectiveness of the proposed 
ventilation system upgrade, which consists of two exhaust fans with 
filters, JRPS’s Six Sigma team conducted an FMEA (Figure 11.13).

The Six Sigma team began their FMEA by listing the primary 
items and their functions in the ventilation system: exhaust 
fans, employees, and the power source. Their next step involved 

Failure Modes and Effects Analysis at JRPS REaL tOOLS for REaL LiFEq➛

(continued)
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determining all of the potential failure modes for each of the pri-
mary items. Having established the list of potential failure modes, 
they identified potential causes for each potential failure. They 
also listed the effects of the failures. Existing controls, failure 
detection methods, and countermeasures were recorded next. 
Once a complete list of the potential failures and their causes and 
effects were identified, the team determined probabilities and 
severities in order to assign a risk priority code for each potential 
failure. Having completed the matrix, the team undertook the 
critical step of recommending specific actions, including target 
dates and responsibilities, in order to eliminate or reduce the 
probability or severity of a failure occurring.

Beginning with the RPCs with a value of one, the team 
investigated why no routine maintenance takes place. Their 

recommended action is to establish a preventive maintenance 
program for the ventilation system. A second set of RPCs with 
a value of one are all related to employee procedures. If the 
employees forget to turn on the ventilation system, fail to check if 
the fans are operational, or don’t understand when to turn on the 
fans, the ventilation system cannot operate effectively. The Six 
Sigma team recommends the creation and enforcement of pro-
cedures for ventilation system operation. They also recommend 
investigating the purchase of an air quality monitoring system 
designed to automatically activate the ventilation fans. Once the 
RPCs of one have been taken care of, the team can attack those 
with RPCs of two.

q➛

SUMMaRy 

The objective of the study of product or system reliability 
is to attempt to predict its useful life. Reliability tests are 
conducted to determine if the predicted reliability has been 
achieved. Reliability programs are designed to improve 
product or system reliability through improved product 
design, manufacturing processes, maintenance, and servic-
ing. Reliability engineers work to incorporate the aspects 
of reliability into products and services from their concep-
tion to useful life.

q➛LESSONS LEaRNED 

1. Reliability refers to quality over the long term. The 
system’s intended function, expected life, and environ-
mental conditions all play a role in determining system 
reliability.

2. The three phases of a product’s life cycle are early fail-
ure, chance failure, and wear-out.

3. Reliability tests aid in determining if distinct patterns 
of failure exist.

4. Failure rates can be determined by dividing the num-
ber of failures observed by the sum of their test times.

5. u, or the average life, is the inverse of the failure rate.
6. A system’s availability can be calculated by determin-

ing the mean time to failure and dividing that value 
by the total of the mean time to failure plus the mean 
time to repair.

7. Reliability is the probability that failure will not occur 
during a particular time period.

8. For a system in series, failure of any one component 
will cause system failure. The reliability of a series sys-
tem will never be greater than that of its least reliable 
component.

9. For a system in parallel, all of the components in paral-
lel must fail to have system failure. The reliability in 

a parallel system will be no less than the reliability of 
the most reliable component.

10. Overall system reliability can be increased through the 
use of parallel, backup, or redundant components.

11. Reliability programs are enacted to incorporate relia-
bility concepts into system designs. A well-thought-out 
reliability program will include the eight considera-
tions presented in this chapter.

12. FMEA is a method that seeks to identify failures and 
keep them from occurring.

13. FMEA divides the system, process, service, or part into 
manageable segments and records the ways the seg-
ment may fail.

14. FMEA uses the risk priority code to rate the degree of 
hazard associated with failure. When complete, rec-
ommendations are made to eliminate the risk priority 
codes with a value of one.

FORMULaS 

 lestimated =
number of failures observed
sum of test times or cycles

 

 uestimated =
1
l

or

 uestimated =
sum of test times or cycles

number of failures observed

 Availability =
mean time to failure (MTTF)

MTTF + mean time to repair (MTBF
values can be used in place of MTTF.)

 R =
s
n

 Rs = r1 # r2 # r3 # g # rn

 Rp = 1 - (1 - r1)(1 - r2)(1 - r3) g (1 - rn)

 Rb = r1 + rb(1 - r1)
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394 CHAPTER  ELEVEN

their 20 different lifts by using a time-terminated test. 
The test ran for 100 hours of continuous operation. 
During the test, four lifts broke down, at 40, 65, 80, 
and 89 hours. Calculate the mean life for the lifts. If it 
takes an average of 12 hours to repair a lift, calculate 
the availability of the lifts.

12. A manufacturer of infant car seats is interested in test-
ing the reliability of the plastic clips that serve to attach 
the seat belts securely around the child. The engineer 
in charge of product testing has devised a mechanism 
that clips and unclips the plastic clips while the num-
ber of cycles before breakage is counted. During this 
cycle-dependent test, which lasted 200 cycles, 4 of the 
24 clips have failed, one at each of the following times: 
91 cycles, 103 cycles, 145 cycles, 155 cycles. What is 
the failure rate?

13. Many products, like a toaster, are not in continuous 
use. For instance, if the toaster is expected to toast 
once a day for five years, then it can be tested by 
cycling it 1,825 times in a lab setting. Ten toasters 
were tested recently with the following results. One 
failed after 1,575 cycles and one failed after 960 cycles. 
The remainder cycled 1,825 times. What is the mean 
life of these toasters?

14. To test the life of their company’s cell phone batteries, 
a company inserts the batteries in a selection of cell 
phones and allows test subjects to use the phones. The 
test subjects must use the phones without charging the 
batteries. The test is allowed to continue for 100 hours. 
Fifteen cell phone batteries are tested. During the test, 
five batteries have failed, one at each of the following 
times: 28 hours, 36 hours, 45 hours, 54 hours, and 
78 hours. What is the mean time between failures?

SYSTEM RELIABILITY

15. Why is a parallel system more reliable than a system 
in series?

16. Given the system in Figure P11.1, what is the system 
reliability?

17. Given the diagram of the system in Figure P11.2, what 
is the system reliability?

18. What is the reliability of the system in Figure P11.3?
19. A paranoid citizen has installed the home alert sys-

tem shown in Figure P11.4. What is the overall system 
reliability?

CHaPtER PRObLEMS 

1. Reliability plays a key role in your life. Chose a reli-
ability concept from this chapter and discuss how it 
affects your day to day activities.

2. Study your house. What do you consider key conveni-
ence items to be? How reliable do you consider them 
to be? What would you do if they failed? How can you 
make them more reliable?

3. Describe the three phases of the life history curve. 
Draw the curve and label it in detail (the axes, phases, 
type of product failure, etc.).

4. Find examples to represent each of the different aspects 
of a reliability program.

5. Reliability programs have been used to prolong the 
lives of traffic signals. Use the information in this chap-
ter as a guide and describe a traffic light in terms of 
the definition of reliability. Then discuss two of the 
eight aspects of a reliability program as they relate to 
traffic lights.

6. A manufacturer of car seat belt latching mechanisms is 
interested in testing the reliability of the metal clip and 
latch system that serves to attach the seat belts securely 
around a passenger. Would this require cycle-depend-
ent testing or time-dependent testing? Briefly state why.

7. Reliability programs have been used to prolong the 
lives of tornado sirens that signal the approach of bad 
weather. Describe a tornado siren in terms of the defi-
nition of reliability.

FAILURE RATE, MEAN LIFE, AND 
AVAILABILITY

8. Determine the failure rate l for the following: You 
have tested circuit boards for failures during a 500-
hour continuous use test. Four of the 25 boards failed. 
The first board failed in 80 hours, the second failed in 
150 hours, the third failed in 350 hours, the fourth in 
465 hours. The other boards completed the 500-hour 
test satisfactorily. What is the mean life of the product?

9. Determine the failure rate for a 90-hour test of 12 
items where 2 items fail at 45 and 72 hours, respec-
tively. What is the mean life of the product?

10. A power station has installed 10 new generators to 
provide electricity for a local metropolitan area. In the 
past year (8,776 hours), two of those generators have 
failed, one at 2,460 hours and one at 5,962 hours. It 
took five days, working 24 hours a day, to repair each 
generator. Using one year as the test period, what is 
the mean time between failure for these generators? 
Given the repair information, what is the availability 
of all 10 generators?

11. Since nothing discourages return visits more than long 
lines, ski resorts have to move people up the mountain 
quickly. The lift systems they use need to be reliable. 
This past summer, one resort tested the reliability of FIGURE P11.1  Problem 16

RA = 0.99 RB = 0.98

RE = 0.98

RC = 0.94

RD = 0.95
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20. Pilots prefer to land airplanes with the wheels down 
and locked into position. A “wheels-down” landing is 
significantly more comfortable than a “belly slide”; it 
also gives the passenger a much more positive impres-
sion of the pilot’s capabilities. To ensure a wheels-
down landing, several systems work in series and 
parallel. A landing-gear-down light signals when the 
gear are in a down-and-locked position. Often pilots 
carry backup light bulbs because the reliability of each 
bulb is only 0.75. The hydraulic system contains two 
parallel hydraulic pumps with a reliability of 0.98 
each. The hydraulic system operates when signaled by 
an electric impulse from the gear-down switch. This 
switch is in series with the rest of the system and has a 
reliability of 0.96. What is the reliability of the entire 
system?

21. Pilots also have the option of bypassing the entire sys-
tem described in Problem 20 with a hand crank. This 
hand crank serves as the final backup when the entire 

electric and hydraulic system fails. The hand crank 
operates with a reliability of 0.95. Recalculate the reli-
ability of the system, including the hand-crank backup.

22. The next-door neighbors are currently installing a new 
cistern that will provide water for their household. The 
different components for the system and their reliabil-
ity are described in the diagram in Figure P11.5. Deter-
mine the reliability of the system.

23. Airbags are concealed in the center of the steering 
wheel and in dashboards. When the front end of the 
vehicle strikes another object, the airbag inflates. The 
airbag will fully inflate upon impact in one-tenth of a 
second, providing a barrier to protect the driver. More 
advanced airbag systems have smart sensors, which 
sense key elements related to the accident and deter-
mine the amount of force the detonator needs to emit. 
The diagram in Figure P11.6 shows the key elements 
that must operate in order for the airbag to inflate. 
Calculate the reliability of the system.

FIGURE P11.2  Problem 17

0.950.99 0.98

0.95

0.89

0.89

FIGURE P11.3  Problem 18

0.950.99

0.93

0.98

0.97

0.98

0.96

0.95

FIGURE P11.4  Problem 19

0.98
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0.95

0.95

0.90

0.90

0.85
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Dog

Perimeter surveillance

Light beams

Window/door alarms
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0.85
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FIGURE P11.6  Problem 23
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FIGURE P11.5  Problem 22
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FIGURE P11.7  Problem 24

0.90

0.40

Hand-
held

computer

0.80

Guest
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0.92
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Key fob
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0.70

Guest
memory

of
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Key fob
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24. Often we think of reliability as an equipment-based 
system, however, reliable systems are needed in other, 
more human-oriented systems. As reported in the Wall 
Street Journal article “It’s 9 p.m., Do You Know Where 
You Parked Your Car?” guest services managers at 
all major parking lots have systems in place designed 
to reunite patrons with their vehicles. The reliability 
of these systems is dependent on the reliability of the 
components, the location finding aids. In many major 
parking lots, two methods are used at once: the guest’s 
memory as well as a license plate information location 
computer program. First, though, guest services needs 
to recognize that a guest is lost. Find the reliability of 
the car locating system shown in Figure P11.7.

25. Homes of the future are supposed to be able to auto-
matically make your coffee, lock your doors, and 
even measure your health. At the Georgia Institute of 

Technology’s 5000-square-foot Aware Home, a com-
bination house and laboratory in Atlanta, scientists 
understand the need for reliable systems. One smart 
home system they are working on takes your words 
and turns them into a to-do list. So instead of making a 
mental note to add milk to your shopping list, you sim-
ply say out loud, “Remember: Buy milk.” The word 
remember is picked up by a microphone in the wall and 
triggers a computer to transcribe your words to your 
to-do list. This list is then downloaded automatically 
to your personal planning device (PPD). Calculate the 
reliability of the following system. Power source (0.98) 
with a back-up of (0.75). Microphones in parallel with 
reliability of (0.90). Software reliability of (0.92) with 
a back-up of (0.90). Hardware (0.96). Interface (0.85). 
PPD Power reliability of (0.70) with a back-up of 
(0.60). PPD power source reliability of (0.95).
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operated clock is 0.95 reliable and has a back-up alarm 
clock with reliability of 0.85. Two friends, working in 
parallel are 0.70 and 0.60 reliable respectively. Will 
the student get up on time?

26. A student preparing for finals has had a reoccur-
ring dream about oversleeping for a final. On the night 
before the final, he creates the following  wake-up sys-
tem. Calculate the overall system reliability. The power 
from the power company is 0.98 reliable. The battery 

Power Source Microphones Software Hardware Interface PPD Power PPD Source

0.90

0.98 0.90 0.92 0.96 0.85 0.70 0.95

0.75 0.90 0.60

Electric clock
run on power

from power co.
0.98

Battery-operated 
clock

0.95

Back-up alarm 
clock (battery) 

0.85

Phone call 
from a friend 

0.70

Phone call from 
a second friend 

0.60

FAILURE MODES AND EFFECT ANALYSIS

27. Why do Six Sigma practitioners use failure modes and 
effects analysis?

28. Describe the three types of FMEAs discussed in this 
chapter.

29. Describe the steps involved in creating an FMEA.
30. Create and analyze an FMEA for a refrigerator.
31. Create and analyze an FMEA for a chain saw.
32. Create and analyze an FMEA for a prescription filling 

process.

33. Create and analyze an FMEA for the operation of a 
lathe, mill, or drill.

34. Create and analyze an FMEA for a hospital patient 
check-in procedure.

35. Create and analyze an FMEA for a food preparation 
area in a restaurant.

36. Create and analyze an FMEA for a product, service, or 
process that you are familiar with.
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Redundant and fail-safe systems are also a part of the 
Boeing 737. The plane has two engines but is able to fly 
with only one. The two engines support two electrical 
systems. Two fuel systems exist on the 737. If a loss of 
pressurization occurs on an aircraft, an emergency backup 
oxygen system exists. During its life, the 737 rudder has 
been redesigned to include three hydraulic rudder control 
devices instead of the original two. The added system pro-
vides better rudder control in the event that one of the 
devices fails.

All aircraft, whether private or commercial, maintain 
aircraft logs. In these logs, pilots record all flights and 
information pertaining to the length of flight, weather 
conditions, system failures, or repairs needed. The logs 
provide a record of routine maintenance, as well as infor-
mation about loss of pressurization, turbine failure, engine 
overheat, false alarms with the warning lights, and other 
such failures. Extensive tests at Boeing and field-tested 
information from the 3,000 aircrafts’ actual logs of flight 
experiences have been used to make system design changes, 
improve manufacturing methods, modify quality checks, 
and select the most reliable components.

In an industry where 10 to 15 percent of the operating 
costs are devoted to maintenance, these aircraft are main-
tained in such a manner that they will last indefinitely. 
Planes are systematically inspected, cleaned, repaired, rein-
forced, rebolted, and resealed. This type of maintenance 
exceeds original factory standards and protects the planes 
from deterioration due to wear and tear and corrosion. 
However, as the planes age, the maintenance cost per flight 
hour increases significantly. The airline industry rule of 
thumb says that at the 25-year mark, a plane’s mainte-
nance will cost approximately double the maintenance 
costs associated with a new plane.

The mean life of a jet engine is approximately 15,000 
hours. Jet engines can be rebuilt, overhauled, or replaced 
to prolong the life of the entire jet. With the Boeing 737, 
pilots and mechanics have discovered that engine wear can 
be reduced by decreasing the amount of engine thrust by 
4 to 5 percent, enabling the engine to run 30 to 40 degrees 
cooler. Communication of this sort has resulted in signifi-
cantly reduced engine wear and prolonged engine life.

q➛  aSSiGNMENt

Reliability programs have been used to prolong the lives 
of Boeing 737 airplanes. Using this chapter as a guide, 
describe the aspects of Boeing’s reliability program. How 
did Boeing use information about overall system reliabil-
ity, communication, maintenance, simplicity of design, 
humans in the system, redundant/fail-safe features, 
manufacturing methods, and maintenance records, etc., 
to improve the reliability of the 737? Then discuss the 
737 in terms of the definition of reliability. Be sure to 
discuss the plane’s intended function and environmental 
conditions.

q➛ CaSE StUDy 11.1 

Reliability: The Entire System

In February 1965, Boeing began to produce the 737 twin-
engine jet. This jet, a shorter version of the 707/727 with a 
more radically swept-back wing, filled a market need for a 
more fuel-efficient, no-frills aircraft. The smaller size of the 
737 enables the jet to fly cost-effectively to smaller airports 
and more remote locations. In 1964, the original specifica-
tions called for a plane with a capacity of between 60 and 
85 passengers with an operating range of between 100 and 
1,000 miles. Most importantly, the plane had to be able 
to break even economically with a 35 percent load factor. 
Today’s 737s carry 100 passengers with the range and load 
factors remaining the same. Three decades and a few de-
sign and fuel-efficiency modifications later, the 737 contin-
ues to be manufactured. Over the years, it has become the 
best-selling aircraft ever built. At any one point in time, 
there are about 1,200 737s in the air. That means that a 
737 takes off somewhere in the world every 5.3 seconds. 
The 737 fleet has flown about 124 million hours in service, 
traveling 49 billion nautical miles or 90 billion kilometers.

Of the 3,000 737s created, most are still flying, which 
means that many have lasted over a quarter of a century. 
When the 737 was originally conceived, engineers at  Boeing 
predicted a life expectancy of 75,000 flights, or takeoff-
and-landing cycles. Based on the behavior of the current 
planes still flying long after the predicted 75,000 flights, 
a Boeing 737 may last as long as 195,000 cycles (flights).

Besides longevity, the 737 jets have the advantage of 
cockpit design and systems commonality with other Boeing 
jets. The Boeing 737 has wing-mounted engines that provide 
less interference drag, a better center of gravity position, and 
more usable cabin space at the rear. From a reliability point 
of view, the wing-mounted engines allow better access to 
engines for maintenance and require less pipework for fuel. 
The weight of the engines also provides bending relief from 
the lift of the wings. The marked similarity in cockpit design 
has simplified pilot training. Cockpit similarities allow pilots 
to transfer easily from cockpit to cockpit, and cockpit famil-
iarity increases flight safety since in emergency situations 
pilots are not confused by control-surface differences.

Cockpit and systems commonality provides the ben-
efits of interchangeable parts, components, subassemblies, 
and subsystems. Maintenance is easier since repair peo-
ple familiar with one plane can transfer that knowledge 
to another. Parts availability, and therefore aircraft avail-
ability, increases with interchangeable parts.

The designers of the 737 kept reliability and cost in 
mind during the design phase. Much of the 727 design, 
particularly the fuselage cross section, is replicated in the 
737. This gives cost savings in tooling commonality while 
providing six-abreast seating in the cabin. The 737 and 
727 share 60 percent of their parts, including doors, lead-
ing edge devices, nacelles, cockpit layout, avionics, com-
ponents, and other fittings.
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themselves. Worn wires were to be replaced and an addi-
tional Teflon cover was to be put in place to add protec-
tion. On average, this inspection and repair took 15 hours 
to complete.

This FAA action was prompted when a routine inspec-
tion found a wiring bundle that showed clear signs of arc-
ing in one area and bare wires in another. These problems 
were found on a 737 with 60,000 hours of flying time. 
A similar situation was found on another 737 with 74,000 
hours of flying time. In this instance, mechanics found fuel 
leaking out of two pin-sized holes in a tube that houses 
wires running through one of the plane’s wing fuel tanks. 
The combination of fuel, electricity, and air could ignite 
a fuel tank. After this finding in 737s, FAA and Boeing 
officials concluded that two pin-sized holes in a pipe car-
rying electrical wires through a fuel tank on the wing of the 
747 caused the arcing that caused the explosion of TWA 
Flight 800.

The inspection of the 737s continued. In the total sam-
ple of 26 planes, 13 of the 26 main pump lines inspected 
showed signs of wear on the wire insulation. These wiring 
problems are related to the aging of the aircraft. Nearly 
all the more than 3,000 737s built are still flying. Many 
of them are more than a quarter of a century old. The 
737, a highly respected workhorse of a plane, was expected 
to have a life expectancy of 75,000 flights (takeoff-and-
landing cycles). Based on its current performance, this 
relatively trouble-free aircraft may last as long as 195,000 
cycles. Longevity has its complications though, as this wir-
ing example shows.

q➛ CaSE StUDy 11.2 

Reliability

Following indications that the explosion of TWA Flight 
800 was caused by electrical arcing, in May 1998, the 
Federal Aviation Administration (FAA) ordered the in-
spection of hundreds of Boeing 737s for potential wiring 
hazards. This order grounded 15 percent (297 planes) of 
the 737s flown in the United States. The planes in ques-
tion were 737-100s and 737-200s with more than 50,000 
hours, as well as later models (737-300, 400, and 500) 
with between 40,000 and 50,000 hours. Inspections were 
expected to cost $1,600 per plane.

A Boeing 737 has two fuel tanks, one in each wing. 
Two fuel pumps move fuel out of each tank. Inspection 
of aircraft wire has shown that when wear through the 
insulation exists, small arcs can carbonize the insulation, 
leading to larger arcs and a greater potential for fire. Even 
though the wires are encased in conduit (Figure C11.2.1), 
vibrations prevalent during flights cause the wires to chafe 
against each other and wear away the protective insulation. 
Foreign bodies such as sharp drill shavings can wear away 
the insulation. Certain types of insulation can be degraded 
by the fluids they come in contact with.

Affected planes were not to be returned to service until 
a complete inspection had been made of their wiring and, 
when needed, repairs made. Mechanics searched for wear 
on the insulation of the fuel pump wires and the wires 

FIGURE C11.2.1  737 Wiring
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 j The remaining planes showed no signs of failure when 
the test was terminated at 75,000 hours.

 j The average time to inspect and/or repair any of the 
planes was 15 hours.
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q➛  aSSiGNMENt

Investigate this 1998 incident with the Boeing 747 and 737 
aircraft. If we consider the long life of the 737 aircraft, 
what reliability considerations might have been overlooked 
during the design, construction, or use of the 737s? In other 
words, what could have been done differently to improve 
the 737 aircraft reliability? Boeing recommends a life span 
of 20 years, 60,000 hours, and 20,000 flight cycles for a 
747. What do they recommend for a 737?

q➛  aSSiGNMENt

Calculate the mean life and availability associated with the 
26 airplanes sampled. Use the information provided as well 
as the following assumptions:

 j A failure is considered to be any sign of worn wiring 
or insulation.

 j Of the 13 failures, one occurred at 60,000 hours, the 
second at 74,000 hours, and the remainder at 50,000 
hours.
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C H A P T E R
T W E LV E

MAJOR TOPICS
 j Quality Function Deployment
 j Design of Experiments
 j Summary
 j Lessons Learned
 j Chapter Problems
 j Case Study 12.1 Quality Function 
Deployment

 j Case Study 12.2 Design of 
Experiments: Airplane Experiment

AdVAncEd Topics in QuALiTy

As this figure shows, children learn to build a house 
of quality through nursery rhymes. World-class com-
panies, seeking to build their own house of quality, 
continually seek new methods to improve processes. 
Before investing significant funds in any changes, 
a company needs to know whether the changes and 
their associated investment will provide the desired 
improvements to the process. This chapter explores 
quality function deployment and design of experi-
ments; both are methods associated with determin-
ing what needs to be changed and how the resulting 
change might affect the system or process under 
study.

q➛ L E A R N I N G  O P P O R T U N I T I E S

1. To understand the basics associated with creating a 
quality function deployment matrix

2. To create an understanding of the basic concepts 
associated with designing industrial experiments

House of Quality
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A QFD has two principal parts. The horizontal com-
ponent records information related to the customer. The 
vertical component records the technical information that 
responds to the customer inputs. Essentially, a QFD matrix 
clearly shows what the customer wants and how the organ-
ization is going to achieve those wants. The essential steps 
to a QFD are shown in Figures 12.1 and 12.2.

QFD begins with the customer. Surveys, social media, 
and focus groups are used to gather information from the 
customers about their wants, needs, and expectations. 
Several key areas that should be investigated include per-
formance, features, reliability, conformance, durability, 
serviceability, aesthetics, and perceived quality. To guide 
the surveys and focus groups, researchers can gain prelimi-
nary customer information from social media, field reports, 
comment cards, complaint systems, warranty analysis, 
after-order follow-ups, customer hospitality days, focus 
groups, and undercover customers. Often, customer infor-
mation, specifically, the way they say it, must be trans-
lated into actionable wording for the organization. When 
a customer says “I can never find parking” this needs to 
be interpreted as “close, convenient parking readily avail-
able.” In the first statement, the customer is expressing a 
need. The second statement turns that need into something 
the organization can act on.

Once this information is organized into a matrix, the 
customers are contacted to rate the importance of each of 
the identified wants and needs. Information is also gath-
ered about how customers rate the company’s product 

QuALiTy FuncTion 
dEpLoyMEnT
Imagine three people sitting at a table. Two manage a 
business, the third is trying to sell a shop scheduling soft-
ware package. The salesperson spends nearly an hour 
talking nonstop, providing detailed information about the 
company’s history and services. Without breaking stride 
or allowing time for a question, the salesperson moves on 
to a lecture about the features available in the software. 
At the end of the hour, the salesperson leaves without 
ever asking key questions like: What issues are you fac-
ing? How can we help? Or what can our organization do 
for you? A disconnect between customer needs, wants, 
expectations, and requirements and what a company has 
to offer can drive customers away. Successful organiza-
tions ask their customers pertinent questions about their 
preferences and pains. They look for and act on customer 
feedback from many different channels, including social 
media, solicited and unsolicited customer comments and 
complaints, and focus groups. By engaging the customer, 
QFD can help an organization provide better products 
and services.

Quality function deployment (QFD) is a technique 
that seeks to bring the voice of the customer into the pro-
cess of designing and developing a product or service. 
Using this information, effective organizations align their 
processes to meet their customers’ needs the first time and 
every time. Companies use the voice of the customer infor-
mation obtained by QFD to drive changes to the way they 
do business. Information taken directly from the customer 
is used to modify processes, products, and services to better 
conform to the needs identified by the customer.

Developed in Japan in the 1970s by Dr. Akao, QFD 
was first used in the United States in the 1980s. Essentially, 
QFD is a planning process for guiding the design or rede-
sign of a product or service. The principal objective of a 
QFD is to enable a company to organize and analyze per-
tinent information associated with its product or service. A 
QFD can point out areas of strengths as well as weaknesses 
in both existing and new products.

Utilizing a matrix, information from the customer is 
organized and integrated into the product or process speci-
fications. QFD allows for preventive action rather than a 
reactive action to customer demands. When a company 
uses the QFD format when designing a product or service, 
they stop developing products and services based solely 
on their own interpretation of what the customer wants. 
Instead, they utilize actual customer information in the 
design and development process. Two of the main benefits 
of QFD are the reduced number of engineering changes 
and fewer production problems. QFD provides key action 
items for improving customer satisfaction. A QFD can 
enable the launch of a new product or service to go more 
smoothly because customer issues and expectations have 
been dealt with in advance. Gathering and utilizing the 
voice of the customer is critical to the success of world-
class companies. FIGURE 12.1  The QFD Process

Determine the voice
of the customer

Survey customers

Analyze the matrix

Develop the technical
portion of the matrix

Develop the customer
portion of the matrix
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The following example shows the steps associated with 
building a QFD matrix.

Example 12.1 Creating a QFD
AM Corporation sells sports drinks to the general public. 
They have always been very in tune to the health and nutri-
tional needs of their customers. Recently their focus has 
turned to another aspect of their business: the drink con-
tainers. They have decided to utilize a QFD when redesign-
ing their sports drink bottles.

1.  Determine the voice of the customer: What does the 
customer want?  The first step in creating the QFD 
involves a survey of the customer expectations, needs, 
and requirements associated with their sports drink 
bottles. Utilizing social media, AM Corp. met with 
several focus groups of their customers to capture 
the information. Following these meetings, they 
organized and recorded the wants of the customers 
in the column located on the left side of the matrix 
(Figure 12.3).

2.  Have the customer rank the relative importance of his 
or her wants.  After AM Corp. organized the data, they 
reconvened the focus groups. At that time, they asked 
each of the participants to rank the characteristics 
from one to ten, with ten being the highest value 
awarded to the most desired characteristic. Lowest 
ranking characteristics were given a value of one. 
Ties between characteristics were allowed. AM Corp. 
recorded the customer values on the matrix next to 
the list of recorded wants. Following the meetings, 
AM Corp. created the final matrix (Figure 12.4) by 
combining the values assigned by all the customers 
and taking an average. For instance, having a product 
that fits in a cup holder is vital to a customer choosing 
the product. Second on their list is that the device 
does not leak. The numbers in this column show in a 
glance what the consumer values.

or service against the competition. Following this input 
from the customers, technical requirements are developed. 
These technical aspects define how the customer needs, 
wants, and expectations will be met. After the matrix is 
constructed, the areas that need to be emphasized in the 
design of the product or service will be apparent.

FIGURE 12.2  Summary of a QFD Matrix
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FIGURE 12.3  Customer Requirements
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requirements necessary for satisfying the customers’ 
recorded wants. These were recorded at the tops of the 
columns in the matrix. AM Corp. made sure that the 
technical requirements or hows were phrased in terms 
that were measurable and actionable. Several of the 
wants needed two or more technical requirements to 
make them happen (Figure 12.6).

5.  Determine the direction of improvement for the 
technical requirements. During the meetings 
discussing technical requirements, those involved 
also discussed the appropriate specifications for the 
technical requirements. They were able to identify 
how those technical requirements could be improved. 
For instance, for the comment “Fluid lost horizontal/
vertical,” the appropriate direction of improvement 
for this is “less,” denoted by the downward arrow 
(Figure 12.7).

3.  Have the customer evaluate your company against 
competitors. At the same meeting, the customers 
also evaluated AM Corp.’s competitors. In this step, 
the participants ranked AM Corp. and its competitors 
by awarding first, second, and third in the order 
that they felt that the companies provided the best 
product or service for their recorded wants. Following 
the meetings, AM Corp. created the final matrix 
(Figure 12.5) by combining the values assigned by 
all the customers. The organization with the highest 
overall score (the most first place scores) was marked 
in each category as shown in Figure 12.5.

4.  Determine how the wants will be met: How will the 
company provide for the wants? At this point, AM 
Corp.’s efforts focused on determining how they 
were going to meet the customers’ wants. They spent 
many hours in meetings discussing the technical 

FIGURE 12.4  Rankings
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FIGURE 12.5  Customer Competitive Analysis
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FIGURE 12.6  Technical Requirements
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FIGURE 12.7  Direction of Improvement
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If no correlation exists, then the box remains 
empty.

If there is a negative correlation, the box is 
marked with an x.

8. Determine the correlation between the technical 
requirements. The team members recorded 
the correlation between the different technical 
requirements in the roof of the QFD house. This 
triangular table shows the relationship between each 
of the technical requirements (Figure 12.10). They 
used the notations:

A positive correlation is denoted by an open 
circle.

A negative correlation is denoted by an x.

If no correlation exists, then the box remains 
empty.

6.  Determine the operational goals for the technical 
requirements. AM Corp. identified the operational 
goals that will enable them to meet the technical 
requirements (Figure 12.8).

7.  Determine the relationship between each of the customer 
wants and the technical requirements: How does action 
(change) on a technical requirement affect customer 
satisfaction with the recorded want? The team 
members at AM Corp. studied the relationship between 
the customer wants and the technical requirements 
(Figure 12.9). They used the following notations:

A strong positive correlation is denoted by the 
value 9 or a filled-in circle.

A positive correlation is denoted by the value 3 or 
an open circle.

A weak correlation is denoted by the value 1 or a 
triangle.

FIGURE 12.8  Operational Goals
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then added to 8 multiplied by 3, then added to 3 
multiplied by 3, then added to 5 multiplied by 3 for a 
total of 174. The numbers in this column show which 
operational goals are critical (Figure 12.12).

11.  Add regulatory and/or internal requirements 
if necessary. Here, any rules, regulations, or 
requirements not set forth by the customer but by 
some other agency or government were identified and 
recorded (Figure 12.2).

12.  Analyze the QFD matrix. What did the customer 
want? How is this supported by customer rankings and 
competitive comparisons? How well is the competition 
doing? How does our company compare? Where will 
our company’s emphasis need to be?

   AM Corp. studied the matrix they created and came 
to the following conclusions. The highest ranking 
columns are: manufacturing methods with a score of 
190, common lid diameter with a score of 174, torque 
to open at 144, and 3-inch diameter bottom with a 

9. Compare the technical performance with that of 
competitors. At this point, AM Corp. compared their 
abilities to generate the technical requirements with 
the abilities of their competitors. On the matrix, this 
information is shown in the technical competitive 
assessment (Figure 12.11).

10.  Determine the column weights. At this point, the 
matrix is nearly finished. To analyze the information 
presented, the correlation values for the wants 
and  hows are multiplied by the values from the 
customers’ ranking.
 For example, for the first column, a ranking of 9 for 
“doesn’t leak” is multiplied by a value of 9 for “strong 
correlation,” making the total 81. To this value, the 
ranking of 5 for “sealed when purchased” is multi-
plied by a value of 1 for “weak correlation.” The grand 
total for the column is 86. In the next column, the 
ranking of 9 for “doesn’t leak” is multiplied by 9 for 
“strong correlation,” then added to 5 multiplied by 9, 

FIGURE 12.9  Correlation Matrix
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no smaller than 3 in. The type of plastic uti-
lized must have the appropriate coefficient of 
friction.  q➛

Asking customers what they want, need, and require 
is a time-consuming process. As was seen in the quality 
function deployment exercise, translating customers’ wants 
into an organization’s hows is paramount to the success of 
any organization seeking to align their products, services, 
and the processes that provide them with what the cus-
tomer wants. Organizations that ignore the relationship 
between what a customer wants and how the organization 
is going to provide that want can never be truly effective.

score of 124. To satisfy their customers and maintain 
a competitive advantage, they will have to focus their 
efforts on designing a sports drink bottle that

Has been well manufactured with good manufac-
turing methods.

Has a common lid diameter.

Is easy to open and close, requiring no more than 
2 in.-lb to open and 1 in.-lb of force to close.

Fits into a standard cup holder in a vehicle, i.e., 
the base must not exceed 3 inches.

Does not slip out of the drinker’s hand easily. 
For this reason, the bottle diameter should be 

FIGURE 12.10  Co-relationships
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A complete study of designing experiments is beyond 
the scope of this text. The coverage of experiment design 
in this text is designed to provide the reader with a basic 
understanding of the terminology, concepts, and setups 
associated with experiment design. Readers interested in 
an in-depth study of experiment design should seek one of 
the many excellent texts in the area.

Trial and Error Experiments
A trial and error experiment involves making an educated 
guess about what should be done to effect change in a pro-
cess or system. Trial and error experiments lack direction 

dEsiGn oF EXpERiMEnTs
Design of experiments (DOE) is a method of experiment-
ing with the complex interactions among parameters in 
a process or product with the objective of optimizing the 
process or product. To design an experiment means creat-
ing a situation in which an organized investigation into 
all the different factors that can affect process or product 
parameters occurs. The design of the experiment provides 
a layout of the different factors and the values at which 
those factors are to be tested. Experimentation is a tool of 
the problem-solving process discussed in Chapter 3, not 
an end unto itself.

FIGURE 12.11  Competitive Technical Assessment

Co-relationships

Doesn't Leak
Interchangeable Lids
Freshness
Open/Close Easily
Sealed When Purchased
Resealable Lid
Doesn't Slip Out of Hands
Fits In Cupholder
Doesn't Tip Over
Attractive
Fits In Mini-Cooler
Doesn't Spill When You Drink
No Dents
Doesn't Change Shape
Is Not Heavy (Light)
Does Not Break When Dropped
Clear
Reusable
Recyclable
Stays Cool
No Sharp Edges
Inexpensive

Fl
ui

d 
lo

st
 h

or
iz

on
ta

l/v
er

tic
al

C
om

m
on

 li
d 

di
am

et
er

C
om

m
on

 th
re

ad
Vo

lu
m

e 
of

 a
irfl

ow
 th

ro
ug

h 
se

al
To

rq
ue

 fo
rc

e 
to

 o
pe

n
To

rq
ue

 fo
rc

e 
to

 c
lo

se
N

um
be

r 
of

 n
on

co
nf

or
m

iti
es

Th
re

ad
ed

 c
ap

Fr
ic

tio
n 

fo
rc

e
D

ia
m

et
er

 o
f b

ot
tle

 b
ot

to
m

Ti
p 

fo
rc

e 
at

 to
p

S
al

es
 d

at
a

Le
ng

th
 o

f b
ot

tle
N

um
be

r 
of

 s
pi

lls
D

ia
m

et
er

 o
f o

rifi
ce

In
de

nt
/f

or
ce

 re
la

tio
n

B
ot

tle
 w

al
l t

hi
ck

ne
ss

Li
qu

id
 v

ol
um

e
M

at
er

ia
l b

rit
tle

ne
ss

M
at

er
ia

l c
om

po
si

tio
n

M
an

uf
ac

tu
rin

g 
m

et
ho

ds
M

an
uf

ac
tu

rin
g 

co
st

0 
ou

nc
es

3/
4 

in
ch

3/
4-

-4
0 

cu
bi

c 
in

ch
es

2 
in

ch
 p

ou
nd

s
1 

in
ch

 p
ou

nd
s

0 
N

on
co

nf
or

m
iti

es
In

cl
ud

e 
1 

ca
p

S
lip

pe
rin

es
s

3 
in

ch
es

0.
5 

po
un

ds
D

ol
la

r 
am

ou
nt

7 
in

ch
es

0 
sp

ill
s

3/
4 

in
ch

0.
42

 ra
tio

0.
02

5 
in

ch
es

20
 o

un
ce

s
M

ee
ts

 te
st

 re
qu

ire
m

en
ts

M
ee

ts
 p

la
st

ic
 s

pe
cs

.
M

ee
ts

 q
ua

lit
y 

in
sp

ec
tio

n
$0

.0
8 

ea
ch

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

9
5
5
8
5
3
7
10
3
1
1
2
1
3
4
5
1
5
1
6
1
6MISC

M
at

er
ia

l

C
ha

r.

Operational Goals

C
on

ta
in

er

S
ha

pe
Li

ds

Customer Requirements

Technical
Requirements

Customer
Competitive
Analysis

Cost

R
an

ki
ng

A
M

G C

Relationship Key

Strong

Moderate

Weak

Co-relationship
Key

Positive

Negative

AM
G
C

Competitive Technical
Assessment

M12_SUMM3273_06_SE_C12.indd   409 10/28/16   8:09 PM



410 CHAPTER TWELVE

Speed 55 mph, 65 mph

Tire Pressure 28 psi, 35 psi

Oil 30 weight, 40 weight

Gas Regular, Premium

As seen in Figure 12.13, many different permutations of 
the variables exist. As more variables are factored into an 
experiment, the complexity increases dramatically. If an 

and focus. They are hindered by the effectiveness of the 
guesswork of those designing the experiments. In other 
words, a good solution to the problem may be found by 
using this method, but in all likelihood this hit or miss 
approach will yield nothing useful.

Example 12.2 A Trial and Error Experiment
Researchers are studying the effects of tire pressure, vehi-
cle speed, oil type, and gas type on gas mileage.

FIGURE 12.12  Column Weights and Regulatory Issues
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Level: A level is the value chosen for the experiment 
and assigned to change the factor. For instance: Tem-
perature; Level 1: 110°F; Level 2: 150°F.
Controllable Factor: When a factor is controllable, it is 
possible to establish and maintain the particular level 
throughout the experiment.
Effect: The effect is the result or outcome of the experi-
ment. It is the value of the change in the response vari-
able produced by a change in the factor level(s). The 
effect is the change exhibited by the response variable 
when the factor level is changed.
Response Variable: The variable(s) of interest used to 
describe the reaction of a process to variations in con-
trol variables (factors). It is the quality characteristic 
under study, the variable we want to have an effect on.
Degrees of Freedom: At its simplest level, the degrees of 
freedom in an experiment can be determined by exam-
ining the number of levels. For a factor with three lev-
els, L1 data can be compared with L2 and L3 data, but 
not with itself. Thus a factor with three levels has two 
degrees of freedom. Extending this to an experiment, 
the degrees of freedom can be calculated by multiplying 
the number of treatments by the number of repetitions  
of each trial and subtracting one (f = n * r - 1).
Interaction: Two or more factors that together pro-
duce a result different than what the result of their 
separate effects would be. Well-designed experiments 
allow two or more factor interactions to be tested, 
where other trial and error models only allow the fac-
tors to be independently evaluated.
Noise Factor: A noise factor is an uncontrollable, but 
measurable, source of variation in the functional char-
acteristics of a product or process. This error term is 
used to evaluate the significance of changes in the fac-
tor levels.

experimenter were to randomly select speed, tire pressure, 
oil, and gas settings, he or she may have a difficult time 
determining which settings provide the best gas mileage. 
Since random selection is not an organized approach, it 
is not the best use of time and materials. Essentially, it is 
guesswork. Design of experiments is a method to arrive at 
the optimum settings more effectively. q➛

A properly designed experiment seeks to determine:

Which factors significantly affect the system under 
study.
How the magnitude of the factors affect the system.
The optimal level for each of the selected factors.
How to manipulate the factors to control the response.

The experiment design must determine:

The number of factors to include in the experiment.
The levels at which each factor will be tested.
The response variable.
The number of trials to be conducted at each level for 
each factor.
The conditions (settings) for each trial.

Definitions
To better explain the concepts, an understanding of the 
vocabulary is very helpful. The following terms are com-
monly used in the design of experiments.

Factor: A factor is the variable the experimenter will 
vary in order to determine its effect on a response 
variable. A factor is the variable that is set at differ-
ent levels during an experiment, and results of those 
changes are observed. It may be time, temperature, an 
operator, or any other aspect of the system that can 
be controlled.

FIGURE 12.13  Experiment on Gas Mileage
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material properties. As a Six Sigma organization, they want 
to make decisions based on data. Because of the inter-
actions with the material, an experiment will also need 
to determine which machine setting is optimal. For this 
35-ton press, the experimenters would like to determine 
which setting—20, 25, or 30 tons—is appropriate. Several 
members of the team have worked together to design an 
appropriate experiment to test their assumptions. To better 
describe the experiment to other members of their group, 
they have created the following explanation based on DOE 
definitions.

Factor: Since factors are variables that are changed 
during an experiment, two factors in this experiment exist: 
Material Supplier and Press Tonnage. Team members 
believe that changes to these two factors will affect the 
response variable, pierce height.

Level: A level is the value assigned to change the factor. 
In this case, each factor has three levels: Supplier (A, B, 
C) and Press Tonnage (20, 25, 30).

Supplier Press Tonnage

A 20

B 25

C 30

Controllable Factor: When a factor is controllable, it 
is possible to establish and maintain the particular 
level throughout the experiment. In this experiment, 
investigators are able to set the levels for both the material 
supplier and press tonnage factors.

Effect: The effect is the result or outcome of the 
experiment. Here the experimenters are interested in 
consistent pierce height, which is measured as shown in 
Figure 12.14.

Response Variable: The variable used to describe the 
reaction of a process to variations in the factors. In this 
example, the response variable is the pierce height.

Treatment: Since the number of treatments is based on 
the number of factors and the levels associated with 
each factor, and both factors have three levels, Supplier 
(A, B, C) and Press Tonnage (20, 25, 30), the result is 
3 * 3 = 9 treatments:

Supplier Press Tonnage

A 20

A 25

A 30

B 20

B 25

B 30

C 20

C 25

C 30

Treatment: The specific combination of levels for each 
factor used for a particular run. The number of treat-
ments is based on the number of factors and the levels 
associated with each factor. For example, if two fac-
tors (1, 2) exist and each can be at two levels (A, B), 
then four treatments are possible. The treatments are 
factor 1 at level A, factor 1 at level B, factor 2 at level 
A, factor 2 at level B. A treatment table will show all 
the levels of each factor for each run.
Run: A run is an experimental trial, the application of 
one treatment.
Replicate: When an experiment is replicated, it refers 
to a repeat of the treatment condition. The treatment 
is begun again from scratch.
Repetition: Repetitions are multiple runs of a particu-
lar treatment condition. Repeated measurements are 
taken from the same setup.
Significance: Significance is a statistical test used to 
indicate whether a factor or factor combination caused 
a significant change in the response variable. It shows 
the importance of a change in a factor in either a sta-
tistical sense or in a practical sense.

Example 12.3 An Experiment Defined
A new product development team at MAR Manufacturing 
has been investigating the parameters surrounding their 
new part (Figure 12.14). Their customer has specified 
that the part meet very tight tolerances for pierce height. 
A variety of factors are involved in holding this tolerance. 
The team would like to determine which of three proposed 
material suppliers to use. Though all three meet MAR’s 
specifications for material yield and tensile strength and 
for material thickness, there are minute differences in 

FIGURE 12.14  MAR Part

Pierce height
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2. Identify the components of the experiment. When 
setting up your experiment, be sure to include the fol-
lowing critical information:

The number of factors the design will consider.
The number of levels (options) for each factor.
The settings for each level.
The response factor.
The number of trials to be conducted.

3. Design the experiment. Determine the appropriate 
structure of the experiment. Having determined the 
factors involved in your experiment, select a study 
template for your experiment. The types of templates 
will be covered later in this chapter.

4. Perform the experiment. Run your experiment and 
collect data about the results. Complete the runs as 
specified by the template at the levels and settings 
selected.

5. Analyze the data. Perform and analyze the resulting 
response variables in the experiment. Determine which 
factors were significant in determining the outcome of 
the response variables. At this point, rather than per-
forming the calculations by hand, it is easier to enter 
the results into an analysis program, such as DOEpack 
from PO Systems. Such software makes it easier to 
analyze your experiment. Using statistical tools to 
analyze your data will enable you to determine the 
optimal levels for each factor. Statistical analysis meth-
ods include: analysis of variance, analysis of means, 
regression analysis, pairwise comparison, response 
plots, and effects plots.

6. Act on the results. Once you have analyzed the 
information, apply the knowledge you gained from 
your experiment to the situation under study. Use the 
information determined about the significant factors 
to make changes to the process or product.

Experiment Designs
Characteristics of a Good Experiment Design There are 
many characteristics associated with good experiment 
design. An experiment should be as simple as possible to 
set up and carry out. It should also be straightforward to 
analyze and interpret, as well as easy to communicate and 
explain to others. A good experiment design will include all 
the factors for which changes are possible. A well-designed 
experiment should provide unbiased estimates of process 
variables and treatment effects (factors at different levels). 
This means that a well-designed experiment will quickly 
screen out the factors that do not have a pronounced 
effect upon the response variable while also identifying 
the best levels for the factors that do have a pronounced 
effect upon the response variable. The experiment should 
plan for the analysis of the results, generating results that 
are free from ambiguity of interpretation. When analyzed, 

Degrees of Freedom: The degree of freedom in an 
experiment is the total number of levels for all factors 
minus 1. Here we have three levels for each factor 
(3 * 3 = 9), so our degrees of freedom is 9 - 1 or 8.

Interaction: Since the two factors, supplier and press 
tonnage, will together produce a result different than what 
would result if only one or the other was changed, there is 
an interaction between the two that must be considered 
in the experiment.

Noise Factor: A noise factor is an uncontrollable but 
measurable source of variation. For this experiment, noise 
factors may be material thickness, material properties, and 
press operating temperatures.

Run: A run is an experimental trial, the application of one 
treatment to one experimental unit. The Supplier A, Press 
Tonnage 25 combination is one run.

Replicate: When an experiment is replicated, it refers to 
a repeat of the treatment condition, a complete redo of 
the design.

Repetition: Repetitions are multiple results of a treatment 
condition; for example, the experimenters ran the Supplier 
B, Press Tonnage 20 combination multiple times.

Significance: Significance is a statistical test used to 
determine whether the changes to the factor levels had a 
significant effect on the response variable. In other words, 
did changing suppliers or press tonnage significantly affect 
pierce height? q➛

Conducting an Experiment: Steps in Planned 
Experimentation
First and foremost, plan your experiment! Successful 
experiments depend on how well they are planned. Before 
creating the design of an experiment, those involved must 
gain a thorough understanding of the process being stud-
ied. Achieving a deep understanding of the process will 
allow those designing the experiment to identify the fac-
tors in the process or product that influence the outcome. 
While planning an experiment, answer the following 
questions:

What are you investigating?
What is the objective of your experiment?
What are you hoping to learn more about?
What are the critical factors?
Which of the factors can be controlled?
What resources will be used?

The following are typical steps in conducting an experiment:

1. Establish the purpose by defining the problem. Before 
beginning an experiment design, the  experimenters 
should determine the purpose of the experiment. Know-
ing the objectives and goals of an experiment can help 
the experimenters select the most appropriate experi-
ment design as well as analysis methods.
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Example 12.4 Single Factor Experiment 
Treatment Table 
Researchers are studying the effects of tire pressure, gas 
type, oil type, and vehicle speed on gas mileage. Prob-
lem: What combination of factors provides the best gas 
mileage?

Factor Level 1 Level 2

Tire Pressure 28 psi 35 psi

Speed 55 mph 65 mph

Oil 30 weight 40 weight

Gas Regular Premium

Response Variable: Gas mileage

Tire Speed Oil Gas

28 55 30 R

35 55 30 R

28 65 30 R

28 55 30 R

28 55 30 R

28 55 40 R

28 55 30 R

28 55 30 P

the experiment should provide the precision necessary to 
enable the experimenter to detect important differences 
between significant and insignificant variables. The analy-
sis of the experiment must produce understandable results 
in a form that can be easily communicated to others inter-
ested in the information. The analysis should reliably be 
able to detect any signals that are present in the data. The 
experiment should point the experimenter in the direction 
of improvement.

Single Factor Experiments A single factor experiment 
allows for the manipulation of only one factor during an 
experiment. Designers of these experiments select one fac-
tor and vary it while holding the other factors constant. 
The experiment is run for each variation of each factor, 
and the results are recorded. The objective in a single factor 
experiment is to isolate the changes in the response variable 
as they relate to a single factor. Single factor experiments 
are simple to analyze because only one thing changes at a 
time and the experimenter can see what effect that change 
has on the system or process. Unfortunately, single fac-
tor experiments are time consuming due to the need to 
change only one thing at a time, which results in dozens 
of repeated experiments. Another drawback of these types 
of experiments is that interactions between factors are not 
detectable. These experiments rarely arrive at an optimum 
setup because a change in one factor frequently requires 
adjustments to one or more of the other factors in order to 
achieve the best results. In life, single factor changes rarely 
occur that are not interrelated to other factors.

A process improvement team at JRPS studied an assembly process 
that press-fit the armature and shaft together as the foundation of 
a motor. The assemblies were known to fail. The goal of the team 
was to make the process more robust by eliminating failures. Team 
members consisted of representatives from manufacturing, engi-
neering, setup, production, and quality.

The team turned to design of experiments when it became 
evident that studying the process using other quality tools and 
techniques hadn’t provided the needed breakthrough to improve 
the process. An experiment based on the press-fits was designed 
and conducted. Careful analysis of the results of the runs is criti-
cal to gaining knowledge of the process. As they analyzed the 
results of the experiment, they realized that they were not captur-
ing all of the main process variables. Something outside of the 
original design created a strong signal. Some unidentified factor 
that they didn’t include in the original experiment was affecting 
the process.

This situation can sometimes occur with experimental 
design. Those closest to the process think they know the process 
inside and out and thus run the risk of overlooking something. 
Armed with this information, they conducted a second “screen-
ing” experiment. The structure of a screening experiment helps 
identify the true key variables in the process under study. The 

levels of these key variables can then be optimized in a follow-up 
experiment. Since they screen out key variables, screening experi-
ments, which fully load the experiment design with variables, 
are usually the first type of experiment to be run. Is this case, 
the investigators would have been wiser to begin with such an 
experiment.

Analysis of the screening experiment enabled them to deter-
mine that some shafts were cleaner than others. Here, cleaner 
means that some shafts had less lubricant from the machining 
process than others. This lubricant on the shafts is what gener-
ated the noise, the unidentified signal, in the first experiment.

A third experiment was run in which the lubricant from the 
machining operations was included as one of the variables. From 
this experiment, they were able to determine that the lubricant 
interfered with the ability of the press-fit to take hold. Excessive 
lubricant weakened the press-fit, resulting in the failures seen in 
assembly.

As a result of these experiments, the team decided to elimi-
nate the lubricant variable altogether by changing to a lower 
viscosity water-based lubricant. The end result is an assembly 
process that is very consistent, eliminating the press-fit failures 
in assembly.

Process Improvements Based on Design of Experiments 
at JRPS

REAL TooLs for REAL LiFEq➛

q➛
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Response variable: gas mileage

Tire Speed Oil Gas

28 55 30 R

35 55 30 R

28 55 30 P

35 55 30 P

28 65 30 R

35 65 30 R

28 65 30 P

35 65 30 P

28 55 40 R

35 55 40 R

28 55 40 P

35 55 40 P

28 65 40 R

35 65 40 R

28 65 40 P

35 65 40 P

Note that, unlike the previous example, more than one 
factor at a time is changing in each experiment run. The 
complexity of this type of experimentation can be seen in 
Figure 12.13. Each path that is followed represents one 
treatment. q➛

Fractional Factorial Experiments To reduce the total num-
ber of experiments that have to be conducted to a practical 
level, a limited number of the possibilities shown by a full 
factorial experiment may be chosen. A fractional factorial 
experiment studies only a fraction or subset of all the possi-
ble combinations. A selected and controlled multiple number 
of factors are adjusted simultaneously. By using this method, 
the total number of experiments is reduced. Designed cor-
rectly, fractional factorial experiments still reveal the com-
plex interactions between the factors, including which factors 
are more important than others. One must be careful when 
selecting the fractional or partial group of experiments to be 
run to ensure that the critical factors and their interactions 
are studied. Many different experiment designs exist, includ-
ing Plackett-Burman Screening designs and Taguchi designs, 
as shown in Examples 12.6 and 12.7. When utilizing experi-
ments in industry, reference texts and software programs can 
provide a wide variety of experiment designs from which an 
appropriate experiment design can be selected.

Plackett-Burman Screening Designs Plackett-Burman 
screening designs are a subset of fractional factorial experi-
ment designs. They provide an effective way to consider a 
large number of factors with a minimum number of runs. 
Users select the most appropriate design for their experi-
ment needs. These screening designs are most effectively 
used when a large number of factors must be studied and 

In each of these treatments, only one factor is changing 
at a time. For instance, in the first two experiments, only 
the tire pressure has changed. In the second two, only the 
speed has changed. The others stay at their original set-
tings. Either the remaining three will all be at level 1 or all 
at level 2. Note the complexity this creates when trying to 
study all the different changes in levels. Realize also that 
this type of experimentation does not allow experimenters 
to study the interactions that occur when more than one 
factor is changed at a time within a treatment. To study 
all the interactions, a full factorial experiment must be 
conducted. q➛

Full Factorial Experiments A full factorial design  consists 
of all possible combinations of all selected levels of the fac-
tors to be investigated. This type of experiment examines 
every possible combination of all factors at all levels. To 
determine the number of possible combinations or runs, 
multiply the number of levels for each factor by the num-
ber of factors. For example, in an experiment involving six 
factors at two levels, the total number of combinations will 
be 26 or 64. If the experiment had four factors, two with 
two levels and two with three levels, a full factorial will 
have: 2 levels * 2 levels * 3 levels * 3 levels or 36 treat-
ments. A full factorial design allows the most complete 
analysis because it can determine the

Main effects of the factors manipulated on response 
variables.
Effects of factor interactions on response variables.

A full factorial design can estimate levels at which to 
set factors for the best results. This type of experiment 
design is used when adequate time and resources exist 
to complete all of the runs necessary. A full factorial 
experiment design is useful when it is important to study 
all the possible interactions that may exist. Unfortu-
nately, a full factorial experiment design is time consum-
ing and expensive due to the need for numerous runs. 
 Example  12.5 shows an example of a full factorial 
experiment layout.

Example 12.5 Full Factorial Experiment Treatment 
Table 
Researchers are studying the effects of tire pressure, gas 
type, oil type, and vehicle speed on gas mileage. Prob-
lem: What combination of factors provides the best gas 
mileage?

Factor Level 1 Level 2

Tire Pressure 28 psi 35 psi

Speed 55 mph 65 mph

Oil 30 weight 40 weight

Gas Regular Premium
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Factors
Treatment A B C D E F G

1 - - - - - - -
2 - - - + + + +
3 - + + + + - -
4 - + + - - + +

5 + + - - + + -
6 + + - + - - +
7 + - + + - + -
8 + - + - + - +

FIGURE 12.15  The Basic Eight Run Plackett-Burman Design

FIGURE 12.16  The Basic 12 Run Plackett-Burman Design

Factors

Treatment A B C D E F G H I J K

1 - - - - - - - - - - -
2 - - - + + + - - + + +
3 - - + - + + + + - - +
4 - + + - + - - + + + -

5 - + + + - - + - + - +
6 - + - + - + + + - + -
7 + + - + + - - + - - +
8 + + - - + + + - + - -

9 + + + - - + - - - + +
10 + - + + - + - + + - -
11 + - + + + - + - - + -
12 + - - - - - + + + + +

time and resources are limited. Screening designs can be 
selected from prepared tables from sources such as Tables 
of Screening Designs by Donald Wheeler. Figures 12.15 to 
12.18 show several Plackett-Burman designs. The +  and 
-  signs show the levels of the factors [level 1(-), level 
2(+) c (+)]. A, B, C, etc., represent the factors. Treat-
ments are labeled 1 to 8.

Response variable: gas mileage
Design: Plackett-Burman Eight Run Reflected 
(Figure 12.18)

Tire Speed Oil Gas

35 65 40 P

35 65 30 R

35 55 30 P

35 55 40 R

28 55 40 P

28 55 30 R

28 65 30 P

28 65 40 R

 q➛
Taguchi Designs Taguchi designs use orthogonal 
arrays to determine the factors and their levels for the 
experiments to be conducted. Essentially, Taguchi uses 
orthogonal arrays that select only a few of the combina-
tions found in a traditional factorial design. This method 
has the advantage of being very efficient; however, these 
experiments work best when there is minimal interac-
tion among the factors. Taguchi designs are most effec-
tive when the experimenter already has a general feel 
for the interactions that may be present among the fac-
tors. A comparison of the total number of experiments 
needed using factorial designs versus Taguchi designs is 
shown in Table 12.1. Figure 12.19 shows the structure of 
a traditional factorial experiment and then the reduced 
Taguchi orthogonal array. The treatments chosen by 
Taguchi are labeled in the full factorial experiment as 
T-1, T-2, etc.

Example 12.6 Plackett-Burman Screening 
Designs Experiment Treatment Table 
Researchers are studying the effects of tire pressure, gas 
type, oil type, and vehicle speed on gas mileage. Problem: 
What combination of factors provides the best gas mileage?

Factor Level 1 Level 2

Tire Pressure 28 psi 35 psi

Speed 55 mph 65 mph

Oil 30 weight 40 weight

Gas Regular Premium
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FIGURE 12.17  The Basic 16 Run Plackett-Burman Design

Factors

Treatment A B C D E F G H I J K L M N O

1 - - - - - - - - - - - - - - -
2 - - - - - - - + + + + + + + +
3 - - - + + + + + + + + - - - -
4 - - - + + + + - - - - + + + +

5 - + + + + - - - - + + + + - -
6 - + + + + - - + + - - - - + +
7 - + + - - + + + + - - + + - -
8 - + + - - + + - - + + - - + +

9 + + - - + + - - + + - - + + -
10 + + - - + + - + - - + + - - +
11 + + - + - - + + - - + - + + -
12 + + - + - - + - + + - + - - +

13 + - + + - + - - + - + + - + -
14 + - + + - + - + - + - - + - +
15 + - + - + - + + - + - + - + -
16 + - + - + - + - + - + - + - +

FIGURE 12.18  The Eight Run Reflected Plackett-Burman 
Design

Factors

Treatment A B C D

1 + + + +
2 + + - -
3 + - - +
4 + - + -

5 - - + +
6 - - - -
7 - + - +
8 - + + -

TABLE 12.1  Comparison of Factorial Design and 
Taguchi Design

Total Number of Experiments

Factors Level Factorial Design Taguchi

2 2 4(22) 4

3 2 8(23) 4

4 2 16(24) 8

7 2 128(27) 8

4 3 81(34) 9

Example 12.7 Taguchi Design Experiment 
Treatment Table 
Researchers are studying the effects of tire pressure, gas 
type, oil type, and vehicle speed on gas mileage. Prob-
lem: What combination of factors provides the best gas 
mileage?

Factor Level 1 Level 2

Tire Pressure 28 psi 35 psi

Speed 55 mph 65 mph

Oil 30 weight 40 weight

Gas Regular Premium

Response variable: gas mileage
Design: L4(23) Taguchi array (Figure 12.20)

Tire Speed Oil Gas

28 55 30 R

28 55 30 P

28 65 40 R

28 65 40 P

35 55 40 R

35 55 40 P

35 65 30 R

35 65 30 P
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Note that a full factorial experiment would have required 
16 treatments, whereas a Taguchi experiment required 
only 8.

 
q➛

Hypotheses and Experiment Errors Experimenters 
approach each experiment with a hypothesis about how 
changes in various factors will affect the response variable. 
Often this hypothesis is expressed as

H0 : the change in the factor will have no effect on the 
response variable.
H1 : the change in the factor will have an effect on the 
response variable.

Example 12.8 Hypotheses 
When a metal is selected for a part that will undergo a 
metal forming process such as stamping, often the metal 
is tested to determine its bending failure point. An experi-
ment being conducted at MAR Manufacturing is testing 
the bending failure of a particular metal that has been 
provided by two different suppliers. In this experiment, a 
sample of the metal is bent back and forth until the metal 
separates at the fold. The experimenters are testing the 
following hypotheses:

H0: there is no difference in the bending failure point (the 
response variable) with respect to the following factors: 
suppliers (A and B), or plating (none or plated).

H1: there is a difference in the bending failure point with 
respect to supplier or plating. q➛
Experiments are designed to test hypotheses, yet the 

experiments themselves are not infallible. This is why the 
significance of the factors affecting the response variables 
is studied. Experimenters are also cautious to determine if 
errors exist in the experiment. Errors exist in experiments 
for a variety of reasons, including a lack of uniformity of 
the material and inherent variability in the experimental 
technique.

Two types of errors exist:

1. Type I Error: The hypothesis is rejected when it is 
true. For instance, a Type I error would occur if the 
experimenter drew the conclusion that a factor does 
not produce a significant effect on a response variable 
when, in fact, its effect is meaningful. A Type I error is 
designated with the symbol alpha (a).

2. Type II Error: The hypothesis is accepted when it is 
false. For instance, a Type II error would occur if the 
experimenter drew the conclusion that a factor pro-
duces a significant effect on a response variable when, 
in fact, its effect is negligible (a false alarm). A Type II 
error is designated with the symbol beta (b).

Table 12.2 shows the relationship of these types of 
errors.

Experimental Analysis Methods An analysis of means 
(ANOM) essentially compares subgroup averages and sep-
arates those that represent signals from those that do not. 
An ANOM takes the form of a control chart that identifies 
subgroup averages that are detectably different from the 
grand average. In this chart, each treatment (experiment) 
is compared with the grand average. An ANOM is used 
whenever the experimenter wants to study the differences 
between the subgroup averages from different treatments 
of the factors in the experiment. To use an ANOM, you 
must have more than one observation per subgroup.

Through experiments, researchers hope to identify 
optimum condition or setting. In an experiment, many 
factors may affect optimum performance level. To sort 
out the inter-action between variables or factors, analysis 
of variance analyzes the variation attributable to different 
sources. An analysis of variance (ANOVA) is a measure 
of the confidence that can be placed on the results of the 
experiment. This method is used to determine whether 
changes in factor levels have produced significant effects 
upon a response variable. Variables or factors may be set 
at any number of levels. In the previous example, the vari-
able or factor of tire pressure has two levels: 28 and 35. 
An ANOVA analyzes the variability of the data. In this 
analysis, the variance of the controllable and noise fac-
tors is examined. By understanding the source and magni-
tude of the variance, the best operating conditions can be 
determined. The response variable identifies the yield of the 
experiment, in this example, the best gas mileage.

FIGURE 12.20  L4(23) Orthogonal Array

Factor 
No. 1 2 3 4 5 6 7

1 1 1 1 1 1 1 1

2 1 1 1 2 2 2 2

3 1 2 2 1 1 2 2

4 1 2 2 2 2 1 1

5 2 1 2 1 2 1 2

6 2 1 2 2 1 2 1

7 2 2 1 1 2 2 1

8 2 2 1 2 1 1 2

TABLE 12.2 

Conclusion from Sample Ho True Ho False

H0 True Correct Type II Error

Conclusion b

H0 False Type I Error Correct

a Conclusion
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When performing an analysis of variance, assumptions 
are made. The samples are assumed to be independent 
and random from normal populations of equal variances. 
When conducting an ANOVA, the variance is estimated 
using two different methods. An ANOVA estimates the 
variance of the factors in the experiment by using infor-
mation including the degrees of freedom present, the sums 
of squares, and mean squares. If the estimates are similar, 
then detectable differences between the subgroup aver-
ages are unlikely. If the differences are large, then there 
is a difference between the subgroup averages that is not 

attributable to background noise alone. ANOVAs are fre-
quently shown as graphs. If an interaction is present, the 
graph lines will cross (Figure 12.21). If no interaction is 
present, they will be parallel (Figure 12.22). An ANOVA 
compares the ratio of the Between Subgroup Variance Esti-
mate with that of the Within Subgroup Variance Estimate. 
The Between Subgroup Variation Estimate is sensitive to 
differences between the subgroup averages. The Within 
Subgroup Variation Estimate is not sensitive to this dif-
ference. To learn more about calculating ANOVAs and 
ANOMs, consult a text on design of experiments.

FIGURE 12.21  Interaction Exists

TP2

TP1

S1 S2

FIGURE 12.22  No Interaction Exists

TP2

TP1

S1 S2

Order picking, packing, and shipping from a warehouse can be 
quite complex. Orders are submitted by customers and consist of 
multiple product types in various quantities. The products on these 
orders must be picked from the correct storage locations, packaged 
for safe shipment, and labeled with the appropriate destination. 
This would be simple if the organization carried only a few items 
in inventory to be shipped to a few customers. The complexity 
increases exponentially as the number of items and customers 
increase.

Doing the job right at every step is critical, not only because 
the customer wants to receive the correct item, but also because 
shipping costs are based on the cube of space the package uses 
up, whether in a truck or the cargo hold of a plane.

At CH Shipping, an automated distribution center, pickers, 
packers, and shippers handle orders that may contain as many 
as 50 unique products, numbering up to 5,000 of each unique 
product. CH Shipping uses “wave” processing, also known as 

batch picking. This method consolidates orders from several cus-
tomers into one optimal inventory picking cycle (Figure 12.23). 
Optimal picking cycles consolidate what has been ordered, the 
amount ordered, and where the items are stored in the ware-
house. As shown in Figure 12.24, once the pick is complete, the 
wave continues to the packing department, where the orders are 
automatically sorted using barcodes by the individual customer 
order and packed. Once packed, the orders proceed to a shipping 
station to be labeled and staged for shipment via truck or plane. 
Buffer staging lanes exist between each area. Downtime in a par-
ticular area results if orders are not in the system or are held up 
at an upstream area.

Wave processing is different from “discrete” processing. 
Discrete processing involves picking one order at a time, pack-
ing it, and then readying it for shipment. To manage the wave, 
order characteristics that optimize flow include how may times 
the picker visits a particular location in the warehouse, how many 

Optimizing Order Pick, Pack, and Ship Using Design of 
Experiments

REAL TooLs for REAL LiFEq➛

FIGURE 12.23  Department Workload Using Wave Order Processing

PackPick Ship
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items are picked each time, and how much space is taken up by 
the items picked.

The key departments involved are Pick, Pack, and Ship. 
Members of the workforce in these departments work together 
to ensure customers receive what they need, when they need it. 
To minimize costs, maximize flexibility, and enhance customer 
success, the Express Logistics Center Manager has asked the 
industrial engineers at CH Shipping to form a Six Sigma team in 
order to optimize order picking, packing, and shipping. The Six 
Sigma team felt that the best way to study the peaks and valleys 
in Figure 12.24 is through the use of design of experiments. The 
team proposed the following experiment design:

Factors

Quantity (Qty): Total number of pieces picked within a given 
wave

Lines: The different items (products) on the order needing to 
be picked

Cube: The space needed for the quantity of lines for a par-
ticular order (largest outbound parcel box cube or tote 
cube; a tote is a box without a top)

Weight: The weight of the quantity of lines for a particular order

Level

Max Qty Max Lines Max Cube Max Weight

5,000 (+ ) 50 (+ ) Parcel (+ ) 150 (+ )

100 (- ) 10 (- ) Tote (- ) 25 (- )

Controllable Factors
When a factor is controllable, it is possible to establish and main-
tain the particular level throughout the experiment. In this experi-
ment, investigators are able to set he levels for the quantity, lines, 
cube, and weight.

FIGURE 12.24  Flowchart for Order Pick, Pack, and Ship

5:00 A.M.–7:00 A.M.
Build and save batches (see
batching parameter settings).

Batch template parameters are
user-defined and can be adjusted for
cube, weight, lines, etc. These
recommended settings are defined
in the attached document.

7:00 A.M. Release 14–20 waves
(minimum of 14).

Release work to cue the bu�er area
for sortation.

7:00 A.M.
Begin picking first set of waves.

Pick waves complete and fill
Bu�er.

Use Wave status report to monitor
picks by wave and picks remaining
by wave by pick area to monitor wave
pick complete.

7:30 A.M.

Use staggered start times and
start Sortation and Packing at

7:30 or however long it requires
to bu�er 14–20 waves.

7:30 A.M.–3:00 P.M.

3:00 P.M.

3:10 P.M.

3:10 P.M.–???

Release and pick 14–20 active
waves at a time. Use wave

status report to clean inducted
waves to complete to ensure

flow to sortation.

Release Air waves at point of
minimum active picks to ensure
open Bu�er lanes for Air wave

flow through.

Release and pick 14–20 active
waves at a time. Use wave

status report to clean inducted
waves to complete to ensure

flow to sortation.

Complete remaining waves.
Monitor wave status report to

ensure active waves are
completed.

As one wave completes or sends last
tote message then an additional
wave should be released to maintain
14–20 active waves.

Open picks is not as critical as active
waves circulating in the Bu�er Area.
Upon adequate open Bu�er lanes
release Air waves. Air wave release
priority picks in pick areas to force
pickers to pick these waves first due
to system priority status.

As one wave completes or sends last
tote message then an additional
wave should be released to maintain
14–20 active waves.

(continued)
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Response Variables
These variables are used to describe the reaction of a process to 
variations in the chosen factors. The response variable for this 
experiment is Order Per Hour.

Effect
The effect is the result or outcome of the experiment. The investi-
gators are interested in determining the optimal wave parameters. 
A wave is a batch of customer orders consolidated to optimize 
warehouse picking activities. Instead of picking one order at a time, 
many orders are picked.

Treatment
The number of treatments is based on the number of factors and 
the levels associated with each factor. Based on the number of 
waves processed per day and the ease of wave building, a full fac-
torial design was chosen (Figure 12.25).

Degrees of Freedom
The degree of freedom in an experiment is the total number of lev-
els for all factors minus 1. Here there are two levels for each factor 
(4 * 2 = 8), so the degrees of freedom equals 8 - 1 = 7.

Interaction
Since the four factors will work together to produce a result dif-
ferent from what would result if each were only used singly, 
interactions exist between the four that must be considered in the 
experiment.

Noise Factor
A noise factor is an uncontrollable but measurable source of vari-
ation. For this experiment the noise factors are buffer downtime, 
pick downtime, and shipping downtime.

Run
A run is an experimental trial, the application of one treatment to 
one experimental unit. A quantity of 100, with 10 lines, using a 
tote, and weighing 25 pounds is one run.

Replicate
When an experiment is replicated, it refers to a repeat of the treat-
ment condition, a complete rerunning of the design.

Repetition
Repetitions are multiple results of a treatment condition.

Significance
Significance is a statistical test used to determine whether the 
changes to the factor levels had a significant effect on the response 
variable. In other words, did changing the quantity, lines, cube, or 
weight affect the result?

To conduct the experiment, the investigators set up controlled 
runs based on each of the 16 runs denoted by the full factorial 
design (Figure 12.25). These runs, from actual customer orders, 
took place on a Saturday, outside of the normal workweek.

Following the experiment, the investigators analyzed the 
results (Figure 12.26) to identify the optimum wave settings to 
maximize flow through pick, pack, and ship. They began their 
analysis with the most simple of methods: ANOG or analysis of 
good. This very simple but effective technique ranks the results 
of the experiment by the most desirable outcome: high orders 
per hour (Figure 12.27). Run 9, with a quantity of 5,000 and 50 
lines, allows 8.3 orders to be picked per hour.

Further statistical analysis using ANOVA and ANOM revealed 
that the factor having the most significant impact on Number 
of Orders Per Hour was Lines Per Wave, the number of products 
with a unique part number and their quantity. By comparison, 
the weight and cube size were insignificant. The experiment 
determined that the combination of unique part numbers that 
maximizes quantities results in the optimal picking sequence. 
Now, the company batches its orders based on the combination 
of unique part numbers that provides the greatest quantity. For 
instance, 25 unique part numbers whose order quantity totals 
to 4,925 or 3 unique part numbers whose order quantity totals 
4,976 or 1 unique part number whose order quantity totals 
5,000. The goal is to have a high number of items in the pick.

Test Wave Max Qty Max Lines Max Cube Max Weight

1 5,000 50 Parcel 150

2 100 50 Parcel 150

3 5,000 10 Parcel 150

4 100 10 Parcel 150

5 5,000 50 Tote 150

6 100 50 Tote 150

7 5,000 10 Tote 150

8 100 10 Tote 150

9 5,000 50 Parcel 25

10 100 50 Parcel 25

11 5,000 10 Parcel 25

12 100 10 Parcel 25

13 5,000 50 Tote 25

14 100 50 Tote 25

15 5,000 10 Tote 25

16 100 10 Tote 25

FIGURE 12.25  Experiment Design for Optimizing Order Pick, Pack, and Ship
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 q➛

Test Wave Max Qty Max Lines Max Cube Max Weight Order/Hour

1 5,000 50 Parcel 150 8.2

2 100 50 Parcel 150 8.1

3 5,000 10 Parcel 150 6.1

4 100 10 Parcel 150 6.3

5 5,000 50 Tote 150 7.9

6 100 50 Tote 150 8.2

7 5,000 10 Tote 150 4.5

8 100 10 Tote 150 5.1

9 5,000 50 Parcel 25 8.3

10 100 50 Parcel 25 8.0

11 5,000 10 Parcel 25 5.9

12 100 10 Parcel 25 6.2

13 5,000 50 Tote 25 7.8

14 100 50 Tote 25 8.1

15 5,000 10 Tote 25 5.1

16 100 10 Tote 25 4.9

ANOG 
Test 
Wave

Analysis of Good

Max Qty Max Lines Max Cube
Max  

Weight
Order/ 
Hour

9 5000 50 Parcel 25 8.3

1 5000 50 Parcel 150 8.2

6 100 50 Tote 150 8.2

2 100 50 Parcel 150 8.1

14 100 50 Tote 25 8.1

10 100 50 Parcel 25 8.0

5 5000 50 Tote 150 7.9

13 5000 50 Tote 25 7.8

4 100 10 Parcel 150 6.3

12 100 10 Parcel 25 6.2

3 5000 10 Parcel 150 6.1

11 5000 10 Parcel 25 5.9

8 100 10 Tote 150 5.1

15 5000 10 Tote 25 5.1

16 100 10 Tote 25 4.9

7 5000 10 Tote 150 4.5

FIGURE 12.26  Experiment Results for Optimizing Pick, Pack, and Ship

FIGURE 12.27  Analysis of Good for Optimizing Order Pick, Pack, and Ship
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each supplier, the metal samples being tested are in 
two sizes, a 2-in. wide piece and a 3-in. wide piece. If 
all of the factors are to be tested at each of their levels, 
create a table showing the factors and their levels for 
the two sizes, two suppliers, and two surface finishes.

5. For the information given in the previous problem, 
follow Example 12.3 and define the components of 
this experiment.

6. For the metal bending failure experiment, create a 
matrix showing all the different treatments a full fac-
torial experiment would have run.

7. In plastic injection molding, temperature, time in 
mold, and injection pressure each play an important 
role in determining the strength of the part. At MAR 
Manufacturing, experimenters are studying the effects 
on part strength when the temperature is set at either 
250°F, 275°F, or 300°F; the time in mold is either 5, 7, 
or 9 seconds; and the injection pressure is either 200, 
250, or 300 psi. Create a table showing the factors and 
their levels for this information.

8. For the information in the above plastic injection 
molding problem, follow Example 12.3 and define the 
components for this experiment.

9. For the above plastic injection molding problem, how 
many tests would be necessary to test every possible 
treatment (a full factorial experiment)? Create a tree 
similar to those shown in Figure 12.13 showing all 
possible treatments.

10. Researchers are studying the effects of tire pressure 
and vehicle speed on gas mileage. Create a hypothesis 
for the following information:

Factors Levels

Tire Pressure 28 psi, 35 psi

Speed 55 mph, 65 mph

11. Describe the difference between the two types of errors 
that can occur with experiments.

12. A team is currently working to redesign a compress 
or assembly cell. The team has several design changes 
that they want to test using design of experiments. The 
ultimate objective of the experiment is to decrease the 
cell’s assembly and packing throughput time. Cur-
rently, it takes 45 minutes to assemble and pack a 
compressor. The team is considering three changes:

Reduce current 36-inch conveyor width to either 
18 inches or 24 inches.
Install new parts presentation shelving, either flat 
surfaced or angled.
Line form: either straight or curved.

  Create a table showing all the factors and their levels 
that will need to be tested. What is the response vari-
able being investigated?

suMMARy 

This chapter has provided only a basic introduction to 
the interesting and valuable techniques of quality function 
deployment, design of experiments, and failure modes and 
effects analysis. Quality function deployment, design of 
experiments, and failure modes and effects analysis ena-
ble users to understand more about the products or pro-
cesses they are studying. These methods are assets to any 
problem-solving adventure because they provide in-depth 
information about the complexities of the products and 
processes. Since the methods are complex and time con-
suming, they should be used judiciously.

q➛ LEssons LEARnEd 

1. Quality function deployment is a method that allows 
users to integrate the voice of the customer into the 
design or redesign of a product, service, or process.

2. Quality function deployment first captures informa-
tion from the customer and then determines the tech-
nical requirements necessary to fulfill the customer 
requirements.

3. An experimental design is the plan or layout of an 
experiment. It shows the treatments to be included and 
the replication of the treatments.

4. Experimenters can study all the combinations of fac-
tors by utilizing a full factorial design.

5. Experimenters can study partial combinations of the 
factors by using fractional factorial experiment designs 
like Plackett-Burman or Taguchi.

6. Design of experiments seeks to investigate the inter-
actions of factors and their effects on the response 
variable.

cHApTER pRoBLEMs 

1. Chose one of the two techniques presented in this 
chapter and describe how it can be used to make 
improvements in your work or personal life.

2. How is each of the principle parts of a QFD created? 
What does each part hope to provide the users?

3. Why would a company choose to use a QFD?
4. When a metal is selected for a part that will undergo 

a metal forming process such as stamping, often the 
metal is tested to determine its bending failure point. 
An experiment being conducted at MAR Manufactur-
ing. is testing the bending failure of a particular metal. 
In this experiment, a sample of the metal is bent back 
and forth until the metal separates at the fold. Metal 
from two different suppliers is currently being  studied. 
Plated metal from each supplier is being compared 
with nonplated metal. For each piece of metal from 
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 j How will you interview your customers?
 j How will you identify the competitors?
 j How will you gather information about those 

competitors?
 j What questions will you ask?
 j How will you get at the ideas a customer has but is 

not expressing?
 j How will you organize the data from these customers?
 j How will you determine realistic cost data?
 j What will the technical requirements be in order to 

meet the requirements set by the customer?
 j What are the competitors’ strengths and weaknesses?
 j How does the customer view the competitors?
 j Are there any government regulations that must 

be met?

Use this information to create and complete a QFD dia-
gram. When completed, analyze the QFD diagram.

q➛  cAsE sTudy 12.1 

Quality Function Deployment

Form a team, select an existing product or service, and 
perform a quality function deployment. Some potential 
ideas include cell phones, an amusement park ride, web-
site screens, a shopping cart, a voice mail system, a light 
rail system connecting two major cities and surrounding 
suburbs, a power tool, a lawnmower, an information stor-
age device like a Palm Pilot, or a refrigerator.

Follow the steps shown in the text. Remember, captur-
ing the voice of the customer is the most important aspect 
of a quality function deployment. Begin by creating a plan 
of action that includes the following information:

 j How will you identify your customers?
 j How will you contact your customers?
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Factors and Their Levels (any, all, or a combination):
Plane design factors

Nose style—The type of nose style will affect how the 
plane flies; for instance, levels may be blunt or pointed.

Balance—Where the most significant amount of weight 
is on the plane will affect how it flies. A paper clip or 
staple can also be added (as levels) to change the bal-
ance of the plane.

Wing size—The size of the paper affects weight and 
wing size, so be consistent in the size of paper chosen.

Weight—The size of the paper affects weight and wing 
size, so be consistent in the size of paper chosen.

Folds—Creases and folds affect the aerodynamics of 
the plane. Be sure to crease the folds well.

Length of nose—The distance between tip of nose and 
wing leading edge; for instance, levels may be short 
or long.

Wing size—The construction of plane for different 
wing sizes; for instance, levels may be wide or narrow.
Thrower—The thrower could be the same individual 
throughout the experiment.
Shoulder height—If other throwers are involved, they 
become a factor in the experiment, and the shoulder 

q➛ cAsE sTudy 12.2 

Design of Experiments: Airplane Experiment

In this experiment you will determine which paper airplane 
design stays aloft the longest. Use the following instruc-
tions to set up your experiment and use the DOE software 
included with this text for analysis.

People Needed:
Timers (2)
Thrower(s)
Data collection person

Equipment Needed:
Stopwatches (2)
Measuring tape (to measure shoulder height of the 
thrower chosen to throw the airplanes)
Rulers (to measure fold sizes)
Paper (identical size)
Instructions for making planes (see Figures C12.2.1, 
C12.2.2, and C12.2.3 for suggested designs)
Stapler (if studying advanced balance)

FIGURE C12.2.1   Possible Airplane Design
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FIGURE C12.2.2  Possible Airplane Design
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FIGURE C12.2.3  Possible Airplane Design
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Lay out the experiment design—Select the  factors that 
will be varied in the experiment. Refer to  Example 
12.3 for a discussion of experiment design. Select a 
format for the factors: full factorial, Plackett-Burman, 
Taguchi, etc.
Create the planes—Have the airplane makers create 
the different types of planes needed in order to fulfill 
the different experiment treatments. Label the planes 
as to which is appropriate for which treatment.
Fly the planes—Have the thrower(s) toss the airplanes.
Time the flights—Have the timers time the flights and 
record their response variable values.
Analyze the information using DOEpack software.

height of the thrower must be taken into account. 
Shoulder height will affect time aloft if two or more 
throwers are chosen, especially if they are significantly 
different in height (so they could be levels).
Thrust—Thrust refers to the toss. The toss should be 
slow and steady to avoid stalls. If a stall occurs, the 
toss should be repeated.
Response variable time—Time from when the plane 
leaves the hand of the thrower to landing on floor.

To Run the Experiment:
Divide the participants into appropriate roles—
Thrower, airplane maker, data collector, and timer.
Select or create airplane designs—For instance, blunt-
nosed and wide-winged versus needle-nosed and 
narrow-winged.
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QualITy CosTs

On an April night in 1912, the Titanic struck an ice-
berg. The ship thought to be unsinkable sank in a little 
over four hours. In today’s business environment, a 
provider of goods or services must carefully navigate 
around icebergs that threaten to sink a company. Qual-
ity costs are similar to icebergs in that the majority of 
the costs associated with poor-quality products or ser-
vices are hidden from view. This chapter defines the 
cost of failing to provide a quality product or service.

q➛  L E A R N I N G  O P P O R T U N I T I E S

1. To familiarize the reader with the concept of quality 
costs

2. To create an understanding of the interrelationships 
between and among the different types of quality costs

3. To gain an understanding of how quality costs can be 
used in decision making

Ship Meets Iceberg
Natros/Fotolia
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of customer goodwill, and perhaps the cost of gesture of 
goodwill on the part of the airline in the form of vouch-
ers for meals or flight ticket upgrades. As the scenario 
becomes more complex, a wider array of quality costs 
exists. For example, if an airline must reunite 100 bags 
with their owners per day at a hub airport such as Atlanta 
or New York, the costs can be enormous. The expenses 
associated with having airline employees track, locate, and 
reroute lost bags might run as high as 40 person-hours per 
day at $20/hour, for a cost of $800/day. Once located, 
the luggage must be delivered to the owners, necessitat-
ing baggage handling and delivery charges. If a delivery 
service were to charge $1/mile for the round trip, in larger 
cities, the average cost of delivering that bag to a customer 
might be $50. One hundred deliveries per day at $50 per 
delivery equals $5,000. Just these two costs total $5,800/
day or $2,117,000/year! This doesn’t include the cost of 
reimbursing customers for incidental expenses while they 
wait for their bags, the costs of handling extra paperwork 
to settle lost bag claims, loss of customer goodwill, and 
negative publicity. Add to this figure the costs associated 
with bags that are truly lost ($1,250 for domestic flights 
and $9.07 per pound of checked luggage for international 
travelers), and the total climbs even higher. And these 
figures are merely the estimated cost at a single airport 
for a single airline!

Consider the more intangible effects of being a victim 
of lost luggage. If customers view airline baggage han-
dling systems as a black hole where bags get sucked in 
only to resurface sometime later, somewhere else, if at all, 
then consumers will be hesitant to check bags. If the ever 
increasing amount of carry-on luggage with which people 
board the plane is any indication, lost luggage fears exist. 
Carry-on baggage presents its own problems, from dramati-
cally slowing the process of loading and unloading of the 
plane, to shifting in-flight and falling on an unsuspect-
ing passenger when the overhead bins are opened dur-
ing or after the flight, to blocking exits from the airplane 

WHaT aRE QualITy CosTs?
What drives a company to improve? Increased customer 
satisfaction? Greater market share? Enhanced profit-
ability? There are many reasons why companies seek to 
improve the way that they do business and one of the 
most important is the cost of quality. Pressured between 
rising costs and consumer demand for lower prices, com-
peting in today’s global market is not easy. Quality costs, 
the costs that would disappear if every activity were per-
formed without defects every time, can have a big impact 
on a company’s financial statement. More and more effec-
tive organizations are paying careful attention to the costs 
associated with providing poor quality. They are using this 
information to improve the way they do business. Organi-
zations following the Six Sigma methodology are well 
aware of quality costs. They determine these costs and use 
them to justify their Six Sigma projects. They know that 
by investing in the prevention of problems, they can reap 
financial rewards.

Example 13.1 Costs of Quality
Quality should always be defined from the customer’s point 
of view. Dr. Feigenbaum’s definition of quality stresses 
that quality is a customer determination based on the cus-
tomer’s actual experience with the product or service. For 
an airline customer, one example of poor quality is lost 
 luggage. The hassle factor is high when an airline misplaces 
a piece of luggage. The costs of quality associated with 
lost luggage are quite high. According to the Wall Street 
Journal, June 4, 2014, the number of bags delayed, dam-
aged, or lost by airlines cost and average of $100 per bag. 
In 2007, 46.9 million mishandled bags (18.8 per 1000 
passengers), added up to approximately $4 billion dollars!

In the case of lost luggage, the types of quality costs 
are numerous. For instance, if a passenger is reunited 
with his or her luggage after it arrives on the next flight, 
the costs of quality include passenger inconvenience, loss 

FIGURE 13.1  Mishandled Luggage (per 1,000 Passengers)
Donna C. Summers, Quality,6e, © 2018, Pearson Education, Inc., New 
York, NY
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and viability of a quality improvement system. Quality 
costs serve as a baseline and a benchmark for selecting 
improvement projects and for later evaluating their success.

DEFINING QualITy CosTs
Cost of quality, poor-quality cost, and cost of poor qual-
ity are all terms used to describe the costs associated with 
providing a quality product or service. A quality cost is 
considered to be any cost that a company incurs in order 
to ensure that the quality of the product or service is per-
fect. Quality costs are the portion of the operating costs 
brought about by providing a product or service that does 
not conform to performance standards. Quality costs are 
also the costs associated with the prevention of poor qual-
ity. The most commonly listed costs of quality include 
scrap, rework, and warranty costs. As Figure 13.2 shows, 
these easily identified quality costs are merely the tip of 
the iceberg.

Quality costs can originate from anywhere within a 
company. No single department has the corner of the mar-
ket on making mistakes that might affect the quality of a 
product or service. Even departments far removed from 
the day-to-day operations of a firm can affect the quality 
of a product or service. The receptionist, often the first 
person the customer has contact with, can affect a custom-
er’s perceptions of the firm. The cleaning people provide 
an atmosphere conducive to work. Any time a process is 
performed incorrectly, quality costs are incurred. Sales-
people must clearly define the customer’s needs as well as 
the capabilities of the company. Look up re in the diction-
ary and it is defined as again or anew. Doing something 
again is waste, additional costs that need not be incurred. 
Companies investigate quality costs in order to uncover 
these sources of waste and eliminate them. They do not 
want to readjust, realign, reappraise, reassemble, reassess, 
reassign, rebroadcast, rebuild, recheck, reconvene, recopy, 
redirect, reenact, reestablish, reexamine, reexplain, refor-
mulate, reinoculate, reinsert, reinspect, reinvest, relocate, 
renegotiate, reopen, reorder, repack, repaint, repair, 
retrain, or rework anything. Figure 13.3 provides a few 
more examples of quality costs. Note how many re words, 
as in redo, are in this list. Every department within a com-
pany should identify, collect, and monitor quality costs 
within their control.

Quality, in both the service and manufacturing indus-
tries, is a significant factor in allowing a company to main-
tain and increase its customer base. As a faulty product 
or service finds its way to the customer, the costs associ-
ated with the error increase. Preventing the nonconformity 
before it is manufactured or prepared to serve the customer 
is the least costly approach to providing a quality product 
or service. Potential problems should be identified and dealt 
with during the design and planning stage. An error at this 
phase of product development will require effort to solve, 
but in most cases the changes can be made before costly 
investments in equipment or customer service are made.

in an emergency. These costs, such as fees for delayed 
departure from the gate or liability costs, can be quanti-
fied and calculated into a company’s performance and 
profit picture.

Driven by the costs of quality, airlines took measures 
to reduce the occurrences of lost, delayed, or damaged 
luggage. Improvements included new baggage handling 
equipment, upgraded labeling and tracking processes, 
enhanced screening machines, improved communication 
between airlines and their employees, and innovations 
allowing bags to move faster through the system.

Is it any wonder that airlines have been working 
throughout the past decade to reduce the number of lost 
bags?  q➛
Products featuring what the customer wants at a 

competitive price will result in increased market share 
and therefore higher revenue for a company. But this is 
only part of the equation. Companies whose products 
and processes are defect-free enjoy the benefits of faster 
cycle times, decreased production costs, lower warranty 
costs, less wasted material and reduced scrap and rework 
costs. These lead to a lower total cost for the product or 
service, which leads to more competitive pricing, which 
results in higher revenue for the company. Companies that 
manage their processes improve the bottom lines on their 
income statements. Companies providing products with 
high defect rates often must lower their prices to attract 
customers. When customers know there is a high prob-
ability of purchasing a defective product, they often will 
shop elsewhere.

Service industries are not immune to costs of quality. 
In a service industry, for example a restaurant or moving 
company, the customer plays an integral role in the service 
process. This complicates things, especially if poor commu-
nication exists between the customer and the organization. 
Besides communication problems, poor service quality can 
be found in lack of process knowledge on both the serv-
er’s and the customer’s part, poor training, misleading or 
irrelevant information, faulty systems, document misman-
agement, inconvenient billing methods, inaccuracy, inex-
perience, or missed appointments. Quality methodologies 
work to resolve these costs of poor quality.

Two factions often find themselves at odds with each 
other when discussing quality. There are those who believe 
that no “economics” of quality exists, that it is never eco-
nomical to ignore quality. There are others who feel it is 
uneconomical to have 100 percent perfect quality all of the 
time. Cries of “Good enough is not good enough” will be 
heard from some, whereas others will say that achieving 
perfect quality will bankrupt a company. Should decisions 
about the level of quality of a product or service be weighed 
against other factors such as meeting schedules and cost? 
To answer this question, an informed manager needs to 
understand the concepts surrounding the costs of quality. 
Investigating the costs associated with quality provides 
managers with an effective method to judge the economics 
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experience a variety of feelings, the least of which will 
be dissatisfaction. Even if the customers are later satisfied 
by providing them with a new product, repairing their 
existing product, or repeating the service, the damage 
has already been done to the company’s reputation. Dis-
gruntled customers rarely fail to tell others about their 
experience. Mistakes that reach the customer result in 
the loss of goodwill between the present customer, future 
customers, and the provider. Failure cost increases as a 
function of the failure’s detection point in the process 
(Figure 13.4).

If the nonconformity with the product or service is 
located during the manufacturing cycle, or behind the 
scenes at a service industry, then the nonconformity can 
be corrected internally. The cost is greater here than at 
the design phase because the product or service is in some 
stage of completion. Product may need to be scrapped or, 
at a minimum, reworked to meet the customer’s quality 
expectations.

If the nonconforming product or service reaches the 
customer, the company providing it incurs the greatest 
costs. Customers who locate this nonconformity will 

FIGURE 13.2  The Iceberg of Quality Costs
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FIGURE 13.3  Examples of Quality Costs

Rewriting an insurance policy to match customer expectations
Redesigning a faulty component that never worked right
Reworking a shock absorber after it was completely manufactured
Retesting a computer chip that was tested incorrectly
Rebuilding a tool that was not built to specifications
Repurchasing because of nonconforming materials
Responding to a customer’s complaint
Refiguring a customer’s bill when an error was found
Replacing a shirt the dry cleaner lost
Returning a meal to the kitchen because the meat was overcooked
Retrieving lost baggage
Replacing or repairing damaged or lost goods
Correcting billing errors
Expediting late shipments by purchasing a more expensive means of transportation
Providing on-site assistance to customers experiencing problems in the field
Providing credits and allowances
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Although they had used most of a Saturday getting 
the problem resolved, the Homeowners felt satisfied with 
the service they had received . . . until they tried the new 
mower. The new mower experienced the same problem on 
a different patch of grass. This time, the store was unable 
to replace the mower until the next weekend. The Home-
owners resorted to their push mower.

The next Saturday was not a good day. Another 
mower was promptly delivered and tried out in the pres-
ence of the salesperson and the repair person. Same 
problem. The Homeowners returned the mower and 
resolved to purchase no other yard-care products—no 
weed whips, wagons, push mowers, or edging tools—
from this company. At a barbecue that weekend, they 
told their neighbors about their troubles with Brand X 
products. Over the next few weeks, the Homeowners 
investigated the types of lawn mowers used by yard-
service firms and golf courses. Even though it was a 
bit more expensive, they bought Brand Y because of its 
proven track record and quality reputation.

In this situation, an unsuitable product reached a 
consumer. Quality service from the store could not com-
pensate for the original design flaw. As Figure 13.5 shows, 
failure to spot the design flaw during the design review, or 
during production and assembly, or during testing dramati-
cally increased costs. The quality costs associated with 
providing a poorly designed lawn mower included not only 
the three damaged lawn mowers but also sales of related 
equipment to the original customers and future sales to 
their friends. q➛

TyPEs oF QualITy CosTs
The costs associated with preventing nonconformities, with 
appraising products or services as they are being produced 
or provided, and with failure can be defined. With an 
understanding of these costs, a manager can make decisions 
concerning the implementation of improvement projects. 
Using quality costs, a manager can determine the usefulness 
of investing in a process, changing a standard operating 
procedure, or revising a product or service design.

Example 13.2 The Cost of Poor Quality
Jim and Sue Homeowners recently purchased a home 
on a large lot. Using their small push mower to cut the 
lawn proved to be a tedious, time-consuming job, so 
over the winter, they saved to purchase a riding lawn 
mower. Early in spring, they checked a variety of lawn 
mower sales and finally settled on Brand X. Unknown 
to them, this particular mower had a design flaw that 
had gone unnoticed by the manufacturer. The mower 
deck, which covers the blades, is held onto the mower 
through the use of bolts. Because there is too little clear-
ance between the mower-deck fastener bolts and the 
blade, under certain circumstances the blades come in 
contact with the bolts, shearing them off and releasing 
the mower deck. When this happens, the damage to the 
blades is irreparable.

This design error was not apparent in the store lot 
where the Homeowners tried the mower. The lot was 
smooth, and the problem only becomes obvious when 
the mower is used on uneven ground. The Homeowners 
went home to try out their new lawn mower and within 
minutes the mower was moving along uneven terrain. A 
loud shearing sound was heard, and the mower deck fell 
off, mangling the blades in the process. The Homeowners 
immediately called the salesperson, who, understanding 
the importance of happy customers, quickly sent a repair 
person to investigate.

The repair person identified the problem, returned to 
the store with the mower, and replaced the first mower 
with a second. Even though the repair person knew 
what had caused the failure, he had no way of informing 
the manufacturer. Previous attempts to contact the manu-
facturer to give them information about other problems 
had not been successful. The manufacturer thus lost a 
valuable bit of information that could have improved the 
design.

FIGURE 13.4  Increases in Quality Costs as Faulty 
Product Reaches Consumer
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finished state, it is capable of meeting the requirements 
set by the customer. Appraisal activities are necessary in 
an environment where product, process, or service prob-
lems are found. Appraisal costs can be associated with raw 
materials inspection, work-in-process (activities-in-process 
for the service industries) evaluation, or finished product 
reviews. Examples of appraisal costs include incoming 
inspection, work-in-process inspection, final inspection 
or testing, material reviews, and calibration of measur-
ing or testing equipment. When the quality of the product 
or service reaches high levels, then appraisal costs can be 
reduced.

Failure Costs
Failure costs occur when the completed product or service 
does not conform to customer requirements. Two types 
exist: internal and external. Internal failure costs are those 
costs associated with product nonconformities or service 
failures found before the product is shipped or the service is 
provided to the customer. Internal failure costs are the costs 
of correcting the situation. This failure cost may take the 
form of scrap, rework, remaking, reinspection, or retesting. 
External failure costs are the costs that occur when a non-
conforming product or service reaches the customer. Exter-
nal failure costs include the costs associated with customer 
returns and complaints, warranty claims, product recalls, 
or product liability claims. Since external failure costs have 
the greatest impact on the corporate pocketbook, they 
must be reduced to zero. Because they are highly visible, 
external costs often receive the most attention. Unfortu-
nately, internal failure costs may be seen as necessary evils 
in the process of providing good-quality products to the 
consumer. Nothing could be more false. Doing the work 
twice, through rework or scrap, is not a successful strategy 
for operating in today’s economic environment.

Prevention Costs
Prevention costs are those costs that occur when a com-
pany is performing activities designed to prevent poor 
quality in products or services. Prevention costs are often 
seen as front-end costs designed to ensure that the product 
or service is created to meet the customer requirements. 
Examples of such costs are design reviews, education and 
training, supplier selection and capability reviews, process 
capability reviews, and process improvement projects. Pre-
vention activities must be reviewed to determine if they 
truly bring about improvement in the most cost-effective 
manner.

Unfortunately, many organizations focus on corrective 
actions, fixing problems, reporting savings. An emphasis 
on the prevention of defects is much more cost-effective, 
as no money is lost making mistakes in the first place. Pre-
vention efforts try to determine the root causes of prob-
lems and eliminate them at the source so reoccurrences 
do not happen. Preventing poor quality stops companies 
from incurring the cost of doing it over again. Essentially, 
if they had done it right the first time, they would not 
have to repeat their efforts. In his book Quality Is Free, 
Philip Crosby emphasizes the need to invest in preventing 
problems in order to reap the benefits of reduced appraisal 
and failure costs.* The initial investment in improving pro-
cesses is more than compensated by the resulting cost sav-
ings, so, in essence, quality is free.

Appraisal Costs
Appraisal costs are the costs associated with measur-
ing, evaluating, or auditing products or services to make 
sure that they conform to specifications or requirements. 
Appraisal costs are the costs of evaluating the product or 
service during the production of the product or the pro-
viding of the service to determine if, in its unfinished or 

The Food and Drug Administration (FDA) and insurance providers 
made headlines in April 2008 when they announced the launch 
of a combined effort to track the relationship between medical 
claims and prescription drug use. According to the April 15, 2008, 
article in the Wall Street Journal, this information will be used 
for tracking drug safety. The collaborative effort will use charts to 
look for hidden patterns or spikes in medical problems that could 
potentially signal that there is an interaction between the patient’s 
condition, the medication, or the combination of drugs that they 
are using.

Drug safety is a key issue in today’s society. Consumers expect 
new drugs to combat a wide variety of illnesses. The FDA wants to 
make sure that the drugs released on the market do not inadvert-
ently harm the consumers using them. In the past, monitoring 

drug reactions and problems has not been easy. When problems 
occurred with the Merck & Co. painkiller Vioxx, it took five years 
to amass enough data to provide a clear link between the drug 
and heart attacks. This new system has the potential to prevent 
similar situations by using the information of nearly 35 million 
insured individuals to follow drug use. The cost of quality preven-
tion costs associated with this effort are high. Information sharing 
of computerized databases does not happen easily. The data must 
be sorted, graphs drawn, and interactions determined. The ben-
efits for investing in these prevention costs make it a worthwhile 
investment. The system hopefully will be able to detect problems 
with drugs much more quickly and reliably than ever before. 
These drug safety surveillance capabilities will enhance patient 
safety.

Prevention Costs in Drug Development REal Tools for REal lIFEq➛

q➛

* Philip Crosby, Quality Is Free. New York: McGraw-Hill, 1979.
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failure costs signal that poor-quality products or services 
are being produced. Efforts made to reduce external failure 
costs will involve changes to efforts being made to prevent 
poor quality. Internal failure costs are a portion of the 
total production costs, just as external failure costs reduce 
overall profitability. A trade-off to be aware of when deal-
ing with quality costs is the need to ensure that appraisal 
costs are well spent. Companies with a strong appraisal 
system need to balance two points of view: Is the company 
spending too much on appraisal for its given level of qual-
ity performance or is the company risking excessive failure 
costs by underfunding an appraisal program? In all three 
areas—prevention, appraisal, and failure costs—the activi-
ties undertaken must be evaluated to ensure that the efforts 
are gaining further improvement in a cost-effective man-
ner. Figure 13.7 reveals that as quality costs are reduced 
or—in the case of prevention quality costs—invested 
wisely, overall company profits will increase. The savings 
associated with doing it right the first time show up in the 
company’s bottom line.

QualITy-CosT MEasuREMENT 
sysTEM
In the struggle to meet the three conflicting goals of 
quality, cost, and delivery, identifying and quantifying 
quality costs help ensure that quality does not suffer. 

Intangible Costs
How a customer views a company and its performance will 
have a definite impact on long-term profitability. Intan-
gible costs, the hidden costs associated with providing a 
nonconforming product or service to a customer, involve 
the company’s image. Intangible costs of poor quality, 
because they are difficult to identify and quantify, are often 
left out of quality-cost determinations. They must not be 
overlooked, or disregarded. Is it possible to quantify the 
cost of missing an important deadline? What will be the 
impact of quality problems or schedule delays on the com-
pany’s image? Intangible costs of quality can be three or 
four times as great as the tangible costs of quality. Even if 
these costs can only be named, and no quantifiable value 
can be placed on them, it is important for decision makers 
to be aware of their existence.

The four types of quality costs are interrelated. In sum-
mary, total quality costs are considered to be the sum of 
prevention costs, appraisal costs, failure costs, and intan-
gible costs. Figure 13.6 shows some of the quality costs 
from Figure 13.2 in their respective categories. Investments 
made to prevent poor quality will reduce internal and 
external failure costs. Consistently high quality reduces the 
need for many appraisal activities. Suppliers with strong 
quality systems in place can reduce incoming inspection 
costs. High appraisal costs combined with high internal 

FIGURE 13.6  Categories of Quality Costs
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processes, lowering failure rates, and reducing appraisal 
costs. A quality-cost measurement system should use 
quality costs as a tool to help justify improvement 
actions.

Quantifying quality costs will help zero in on which 
problems, if solved, will provide the greatest return on 
investment. A quality-cost measurement system should try 
to capture and reduce significant quality costs. Effective 
cost reduction occurs when the processes providing prod-
ucts or services and their related support processes are 
managed correctly. Measures, as discussed in  Chapter 3, 
are key to ensuring that the processes are performing to 
the best of their capability. After all, what is measured 
can be managed. Once cost of quality data has been 

When quality costs are discussed as a vague entity, their 
importance in relation to cost and delivery is not under-
stood. By quantifying quality costs, all individuals pro-
ducing a product or providing a service understand what 
it will cost if quality suffers. True cost reduction occurs 
when the root causes of nonconformities are recognized 
and eliminated.

A quality-cost measurement system should be 
designed to keep track of the different types of qual-
ity costs. Being able to define and quantify quality costs 
enables quality to be managed more effectively. Once 
quantified, these costs can be used to determine which 
projects will allow for the greatest return on investment 
and which projects have been most effective at improving 

FIGURE 13.7  Cost of Quality versus Profit
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JRPS works with a number of suppliers. Recently, one of them, a 
sheet metal stamping firm bid $75,000 as the price of providing 
an order of aluminum trays. After stamping a large number of these 
trays, the company investigated their costs and determined that 
if production continued, the cost of providing the order would be 
$130,000! This was nearly double what they had bid. They wanted 
JRPS to cover this unexpected cost. Naturally, JRPS balked at the 
higher price. They recommended that the company investigate their 
costs of quality.

The company set out to figure out what was causing such a 
dramatic increase in their costs. They investigated their product 
design and found it to be satisfactory. Prevention costs associ-
ated with product design and development were negligible. The 
customer had not returned any of the completed trays. There were 
no customer complaints and therefore no corrective-action costs. 
Their investigation showed that external failure costs were zero. 
Appraisal costs were normal for a product of this type. Incom-
ing material and in-process inspection costs were similar to the 
amount projected. The product had not required any testing upon 
completion.

It was only when they investigated the internal failure 
costs that the problem became apparent. At first, they felt 

that internal failure costs were also negligible since there was 
almost no scrap. It wasn’t until a bright individual observed 
the operators feeding the trays through the stamping opera-
tion twice that they were able to locate the problem. When 
questioned, operators told the investigators that they knew that 
due to inappropriate die force, the product was not stamped to 
the correct depth on the first pass. Since the operators knew 
that the trays would not pass inspection, they decided among 
themselves to rework the product immediately, before send-
ing it to inspection. The near doubling of the manufacturing 
costs turned out to be the internal failure costs associated with 
reworking the product.

Essentially, the company incurred a cost of quality equal to 
the standard labor and processing costs of the operation. To meet 
specifications, a significant number of trays were being handled 
and processed twice. Only by preventing the need for double pro-
cessing can the costs of quality be reduced.

This type of internal failure cost actually began as a preven-
tion cost. If the manufacturer had investigated the capability of 
the stamping operation more closely, they would have determined 
that maintenance work was necessary to improve the machine’s 
performance and therefore improve product quality.

Uncovering Quality Costs at JRPS REal Tools for REal lIFEq➛

q➛
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Farmer Friendly Inc. manufactures and sells farm and lawn 
equipment. Since they follow the Six Sigma methodology, they 
understand the importance of tracking the costs of quality. As 
part of their quality-cost measurement system, Farmer Friendly 
monitors the costs associated with prevention of defects, product 
appraisal, internal and external failure costs, and, to a certain 
extent, the intangible costs. By monitoring cost of quality val-
ues on a regular basis, they are able to spot issues before they 
become a serious problem. Recent charts have shown that despite 
their best prevention and appraisal efforts, external failure 
costs, as reflected by the number and costs of warranty claims 
have risen slightly on their mid-sized farm tractor (Figure 13.8). 

External failure costs like these are expensive when you take into 
account the cost of complaint investigation, complaint handling, 
repair, and corrective action efforts. Because the customer has 
found the problem, there are also intangible costs—lost sales, 
loss of customer goodwill, and customer dissatisfaction—to be 
considered.

Warranty claims show that customers are complaining that the 
steering wheel pulls to the right while the tractor is in motion. No 
in-depth investigation occurred at the dealership, most repair per-
sonnel opted to merely realign the front wheels. This would satisfy 
the customer briefly. However, most problems reoccurred. Several 
customers have brought their tractor in for alignment issues as 
many as three times. One tractor, deemed irreparable, was bought 
back by the company for the original purchase price. Current 
external failure costs associated with this problem are shown in 
Figure 13.9.

Recognizing the potential liability costs associated with steer-
ing problems, though the number of warranty claims is still low, 
Farmer Friendly immediately assigned a process improvement 
team to look into the situation.

Following a problem-solving approach similar to that out-
lined in Chapter 3, the team began by studying the warranty 
information provided from the field. To aid them in their search 
for a root cause, they created a cause-and-effect diagram of 
the reasons why steering pull may happen (Figure 13.10). The 
discussions surrounding the cause-and-effect diagram, com-
bined with additional information on key product dimensions, 
pointed to suspension control arm bushing angularity discrep-
ancies (Figure 13.11). The parts saved from the repaired trac-
tors were studied and this bushing angularity discrepancy was 
verified.

Having found the problem and in order to determine how 
this problem could occur, the team created a WHY-WHY dia-
gram  (Figure 13.12) and mapped the process ( Figure 13.13). 

Costs of Quality Reduced by Problem-Solving Process REal Tools for REal lIFEq➛

measured and tabulated, this data can be used to select 
quality improvement projects as well as identify the most 
costly aspects of a specific problem. Failure costs are 
prevalent in all aspects of providing goods and services, 
from design and development to production and distribu-
tion. Support processes, such as marketing and human 
resources, can also be the source of quality costs. When 
justifying improvement projects, look for rework, waste, 
returns, scrap, complaints, repairs, expediting, adjust-
ments, refunds, penalties, wait times, and excess inven-
tory. Cost-improvement efforts should be focused on 
locating the largest cost contributors to the improvement. 
Try not to be tempted to spend time chasing insignificant, 

incremental measures of quality costs. Use a Pareto chart 
to identify the projects with the greatest return on invest-
ment; those should be tackled first.

Those establishing a quality-cost measurement system 
need to keep in mind that the success of such a system is 
based on using quality-cost information to guide improve-
ment. Each cost has a root cause that can be identified 
and prevented in the future. Remember that prevent-
ing problems in the first place is always cheaper. Those 
implementing a quality-cost measurement system need to 
establish a basic method of identifying correctable prob-
lems, correcting the problems, and achieving a new level 
of performance.

FIGURE 13.8  Quality Costs Chart
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FIGURE 13.9  External Failure Costs: Tractor Steering Pull 

Returned goods (Buy back) $31,000

Warranty costs $600/tractor + $60/hr * 4 hr labor

Customer complaint processing $200/complaint

Replacement parts/alignment $500

Corrective actions (team) $8,000 (5 people * 80 hrs * salary)

Complaint investigation $1,200 to date

(continued)
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FIGURE 13.11  Suspension Control Arm Bushing
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FIGURE 13.10  Tractor Steering Wheel Pull Cause-and-Effect Diagram
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FIGURE 13.12  WHY-WHY Diagram for Lower Arm Bushing
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FIGURE 13.13  Bushing Press Process Map
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These documents pointed to a loose work-holding device, which 
worked intermittently. Without the support of the work-holding 
device, the control arm bushing could not be correctly mounted, 
thus affecting the angularity of the part. The team reported 
their findings by completing the Warranty Investigation Report 
shown in Figure 13.14.

Countermeasures were implemented to repair the work-holding 
device. The operator was also alerted to the important role the 
device plays in making the part to specification. To drive home 
its importance, information concerning the costs of quality was 
also shared. Careful tracking of cost of quality data alerted Farmer 
Friendly to a problem that had the potential to become quite costly.

FIGURE 13.14  Warranty Investigation Report for Tractor Steering Wheel Pull

Warranty Investigation Report

Subject: Steering wheel pull Responsibility: Team 12

Model Name: Mid-size Tractor

Products: Steering Assembly Part Numbers: 1, 2, 3, 5, 8, 11, 19

Problem: Customers requesting tractor service for steering wheel pull to right.

Problem Identified: 10/21/xx Solution Due Date: 12/1/xx

Observation in field:

Mechanics report that when driven, the tractors pull slightly to the right, causing the tractor to steer 
off-center. No abnormal sounds noticed. No vibrations either. Visual inspection of steering compo-
nents revealed no immediately visible cause.

Temporary countermeasure/containment:

Steering column/component replacement in affected tractors. Check tractor production records to 
determine if this is an isolated problem or one affecting a series of tractors produced at the same 
time.

Investigation:

See attached charts and report

Cause:

Suspension control arm bushing angularity discrepancy due to working holding device slippage. 
Improperly oriented raw part.

Permanent countermeasure/containment:

Process changes to ensure that the work-holding device orients part correctly.
Dealer alert sent requesting that dealers conduct a bushing angularity check if tractor steering pull 
is not corrected after completing other troubleshooting steps. Report findings to Farmer Friendly, 
Team 12.

Sign-offs:

General Manger:

Team Leader:

Date:

q➛

uTIlIZING QualITy CosTs FoR 
DECIsIoN MaKING
All initiatives undertaken by an organization must contrib-
ute to the financial success of the organization. Remem-
ber Dr. Juran’s advice from Chapter 2 about becoming 

bilingual? Better communication with management hap-
pens when you translate quality data into business and 
financial terms. Quality goals and objectives should be 
included in an organization’s business plan, but they must 
be stated in financial terms. Quality costs can be used as 
a justification for actions taken to improve the product or 

(Continued on page 442)
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The chocolate candy manufacturing line at Tasty Morsels Choco-
lates is a fully automated line, requiring little human intervention. 
Because of this, many people at Tasty Morsels thought it odd that 
the production engineer insisted waste existed in the process. She 
based her conclusions on cost of quality information related to 
production cost overruns. Cost overruns can be caused by excessive 

scrap rates, rework amounts, inspection costs, and overtime. To 
tackle the cost overruns, she wanted to isolate and remove waste 
from the process, thus preventing defectives by removing the 
sources of variation. To enable them to better understand the pro-
duction line activities, the production engineer mapped the process 
(Figure 13.15).

Using Process Maps to Locate Non-Value-Added 
Activities and Reduce Costs of Quality

REal Tools for REal lIFEq➛

FIGURE 13.15  Chocolate Making Process Map
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costs leads to much more significant decreases in failure 
costs. The savings gained by preventing quality problems 
in the first place can be used for additional growth and 
profitability. Organizations focused on prevention can take 
advantage of these improvements to enhance customer sat-
isfaction and thus their position in a global marketplace.

q➛ lEssoNs lEaRNED 

1. Collecting quality costs provides a method to evaluate 
system effectiveness.

2. Quality costs can serve as a basis or benchmark for 
measuring the success of internal improvements.

3. Prevention costs are the costs associated with prevent-
ing the creation of errors or nonconformities in the 
first place.

4. Appraisal costs are the costs incurred when a prod-
uct or service is studied to determine if it conforms to 
specifications.

5. Internal failure costs are the costs associated with 
errors found before the product or services reach the 
customer.

6. External failure costs are the costs associated with 
errors found by the customer.

7. Intangible failure costs are the costs associated with 
the loss of customer goodwill and respect.

8. Once quantified, quality costs enhance decision mak-
ing if they are used to determine which projects will 
allow for the greatest return on investment and which 

service. Typically, investments in new equipment, materi-
als, or facilities require the project sponsor to determine 
which projects will provide the greatest return on invest-
ment. These calculations traditionally include information 
on labor savings, production time savings, and ability to 
produce a greater variety of products with better quality. 
The “better quality” aspect of these calculations can be 
quantified by investigating the costs of quality, particu-
larly the failure costs. It is important to determine the costs 
of in-process and incoming material inspection, sorting, 
repair, and scrap as well as the intangible costs associated 
with having a nonconforming product or service reach the 
customer. Making a decision with more complete qual-
ity information, such as product appraisal costs, can help 
determine the true profitability of a product or service.

Once quality costs are identified, those reviewing the 
project can determine if the money for the project is being 
well spent to prolong the growth of the company. Iden-
tifying and quantifying quality costs has a twofold ben-
efit. Cost savings are identified and quality is improved. 
By improving the quality performance of a company, the 
company also improves its quality costs.

suMMaRy 

Developing and deploying an effective quality-cost man-
agement system is critical to success in today’s global work 
environment. Determining and then dealing with the costs 
associated with external and internal failures can signifi-
cantly contribute to an organization’s overall financial 
health. Systematically enhancing the systems that prevent 
errors leads to great rewards. An increase in prevention 

The process map revealed several non-value-added activities. 
Chocolate is mixed until it reaches the right consistency, then 
it is poured into mold trays. As the chocolates leave the cooling 
chamber, two workers reorganize the chocolate mold trays on the 
conveyor belt. This prompted the production engineer to ask: why 
are the trays bunching up on the conveyor in the first place? This 
non-value-added, inspection-type activity essentially wastes the 
time of two workers. It also could result in damaged chocolates if 
the trays were to flip over or off of the conveyor.

Tasty Morsels Chocolates prides itself on a quality product. To 
maintain their high standards, before packaging, the process map 
reveals that four workers inspect nearly each piece of chocolate 
as it emerges from the wrapping machine. A full 25 percent of 
the chocolate production is thrown out in a large garbage can. 
Though this type of inspection prevents defective chocolates from 
reaching the consumer, this is a very high internal failure cost of 
quality.

This huge waste of material, human resources, and produc-
tion time prompted the production engineer to ask: why are the 
chocolates being thrown away? The simple answer was that the 
chocolates didn’t meet standards. The production engineer perse-
vered and discovered that the rejected chocolates were improperly 
wrapped. Despite the large amount of chocolate being thrown 
away, no one had suggested that the wrapper machine should be 
repaired.

If the production engineer hadn’t studied the process carefully 
using a process map, these two enormous sources of waste and 
the costs associated with poor quality would have gone unnoticed:

Appraisal Costs in-process inspection

 Internal Failure Costs scrap, rework, production cost overruns, 
overtime, inefficient and ineffective production, employee lost 
time, low employee morale

 External Failure Costs customer warranty and order issues, late 
order fees, returned goods, replacement goods, corrective 
action costs

 Intangible Costs customer dissatisfaction, lost sales, offsetting 
customer dissatisfaction

Up until this study, Tasty Morsels considered these costs part 
of doing business.

Based on the production engineer’s discoveries, investiga-
tions were undertaken to correct the production flow through the 
cooling chamber. Adjustments were also made to the wrapping 
machine to correct a fixture misalignment. By taking steps to 
prevent poor quality, these modifications resulted in a workforce 
savings of five people, who were transferred to other areas of the 
plant. Rejected chocolates went from 25 percent to 0.05 percent! 
The savings that resulted from the changes paid for the modifica-
tions 10 times over.

q➛
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projects are most effective at lowering failure and 
appraisal quality costs.

9. Quality-cost information should be used to guide 
improvement.

CHaPTER PRoBlEMs 

1. Which of the following statements about quality costs 
is true? Why or why not?
a. Quality cost reduction is the responsibility of the 

quality control department.
b. Quality costs provide a method of determining 

problem areas and action priorities.
c. The efficiency of any business is measured in terms 

of the number of defective products.

2. There are four specific types of quality costs. Clearly 
define two of them. Give an example of each kind of 
quality cost you have defined.

3. What is a prevention cost? How can it be recognized? 
Describe where prevention costs can be found.

4. Describe the two types of failure costs. Where do they 
come from? How will a person recognize either type 
of failure cost?

5. Every day, you encounter quality costs. Review your 
recent activities. Identify and discuss each quality cost 
you encountered. Try to identify one for each of the 
types.

6. Describe the relationship among prevention costs, 
appraisal costs, and failure costs. Where should a com-
pany’s efforts be focused? Why?

7. A lamp manufacturing company has incurred the fol-
lowing quality costs. Analyze how this company is 
doing on the basis of these costs. Creating a graph of 
the values may help you see trends. Values given are 
in percentage of total cost of lamp.

Costs

Year Prevention Appraisal
Internal 
Failure

External 
Failure

1 1.2 3.6 4.7 5.7

2 1.6 3.5 4.3 4.6

3 2.2 3.8 4.0 3.8

4 2.5 2.7 3.5 2.2

5 3.0 2.0 2.8 0.9

8. How can quality costs be used for decision making?
9. Where should dollars spent on quality issues be 

invested in order to provide the greatest return on 
investment? Why?

10. Choose two industries and list specific examples of 
their costs of quality.

11. Why is the following statement true? The further 
along the process that a failure is discovered, the more 
expensive it is to correct.

12. What should a quality-cost program emphasize?
13. What are the benefits of having, finding, or determin-

ing quality costs?
14. On what premise is the strategy for using quality costs 

based?
15. For the Tasty Morsels case, identify as many different 

types of quality costs as you can. Categorize your costs 
of quality according to the five categories presented in 
the text and lecture.

16. For the Farmer Friendly case, discuss how quality costs 
were used for decision making. Be sure to establish a 
relationship between the identified quality costs and 
the decision they affected.

17. Companies that choose to ignore the costs of quality 
end up spending 20 to 30 percent of their total costs on 
reworking and redoing. These companies are also ones 
that may face product liability suits. Locate a company 
and review its costs of quality. Answer the following 
questions:

a. Identify as many different types of quality costs as 
you can. Categorize your costs of quality according 
to the five categories presented in the text.

b. Discuss how quality costs can be used for deci-
sion making in this company. Be sure to establish 
a relationship between the identified quality costs 
and the type of decision they play a role in for this 
company.

c. In your review of the company, were you able to 
find any information about the costs this company 
has or will incur related to product recalls, war-
ranty claims, product liability suits, or any other 
costs of quality? If so, provide a summary of those 
costs and their sources.

18. For each of the following activities, identify whether 
the costs incurred should be allocated to the preven-
tion, appraisal, failure (internal, external), or intangi-
ble costs category:
a. Customer inquires about incorrect billing statement.
b. Maintenance technician is unable to gain access to 

customer’s premises during a service call because 
the service is not being performed when scheduled 
and no one notified the customer.

c. Workers check/test their work before allowing it to 
leave their work area.

d. Management carries out a quality systems audit.
e. The accounts department is having difficulty 

obtaining monthly figures from the production 
department.

f. A customer’s purchase breaks because of inad-
equate training in the use of the item and must be 
replaced.
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g. Management must deal with written complaints 
from a customer about continuous poor service.

h. A technician keeps an appointment after driving 
across town to pick up equipment from an outside 
supplier upon finding it out of stock in his own 
warehouse.

i. An instruction manual and set of procedures 
are developed for maintaining a new piece of 
equipment.

j. The company conducts a survey of customer 
requirements.
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q➛ CasE sTuDy 13.1 

Costs of Quality

PART 1
The medicinal supplies distribution department of a large 
hospital provides the nursing floors and medical depart-
ments with all of the supplies needed to service the patients 
requiring medical attention. These items include medicines, 
bandages, I.V. tubing, catheters, syringes, tourniquets, 
strainers, scalpels, swabs, I.D. bracelets, and other items. 
Each floor and department has different medicinal needs, 
and carts carry supplies to the floor or area.

Over time, the medicinal supplies distribution depart-
ment’s workload has increased, while staff size has 
remained constant. Concerns over staffing problems, 
budget constraints, and maintaining the quality of service 
have prompted the formation of a continuous improve-
ment task force to investigate the problems. Their mis-
sion is to provide quick, accurate service to the medical 
staff while continuously improving the provision process 
to make it more efficient, more compatible with medical 
staff needs, and more cost-effective.

To begin the problem-solving process, a flowchart 
of the process of supplying medical items is created 

(Figure C13.1.1). This chart details the activities involved 
in stocking the carts, checking inventory on the carts, reor-
dering necessary items, and taking carts to their respective 
floors. Records of the items in inventory are kept by a com-
puterized inventory-control system. When a patient uses 
items from the cart, nurses and other medical staff record 
the chargeable items on the patient’s chart. These items 
are billed to the patient when accounts payable figures 
the bill. Computer inventory records are compared with a 
complete list of items charged to all patients’ bills. When 
inventory records and items taken from the cart and billed 
don’t match, a lost charge report is generated. This report 
is used by the medical staff to determine which patients 
should be charged for what items.

While patient care is first and foremost in importance, 
significant costs from incorrect charges are being incurred 
by the hospital. Other problems with medicinal supplies 
distribution involve items not found on carts, items out of 
stock on carts, incorrect inventory counts leading to incor-
rect reordering or product spoilage, and lengthy waits for 
items to be brought to the floor from inventory storage 
(Figure C13.1.2).

Task force members have decided to investigate this sit-
uation from a cost-of-quality point of view. At first, some 
of the group members are concerned about ensuring that 
quality patient care is not overlooked. Others think that 
the emphasis on quality patient care has caused costs to 

FIGURE C13.1.1  Flowchart: Process of Supplying Medical Items
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Timely patient care delivery, quality of service, and the 
costs of providing those services are all interrelated. By 
studying the process of delivering medicinal items to the 
patients, the task force seeks to uncover methods of meet-
ing patient demands; increasing the quality of the services 
to patients, doctors, nurses, and other medical staff; and 
reducing the inventory cost problems currently existing at 
the hospital.

Inventory usage now becomes the subject of a three-
month study. The study is limited to the cart supplying the 
second floor of the west wing in the hospital. Time studies 
are made of the times associated with stocking the cart, 
checking the cart, and obtaining items when the items are 
not on the cart. The number of calls for needed items is 
recorded with a check sheet (Figure C13.1.4).

After all the data are gathered, the times are investi-
gated. The time to record the information on the com-
puter is similar from person to person and dependent 
on computer processing time. Picking needed items and 
restocking the cart involves the number of items on the 
cart and the number used. It is fairly obvious that the 
more items on the cart and the greater usage of those 
items, the more time it takes to restock the cart. This 
points to a need to understand the supplies usage. Since 
supplies usage is the driving force behind the stock and 
restock times, this becomes the area to be most closely 
studied.

When the material usage summaries of the three months 
are studied, the investigators find that there are quite a 
few items that are not used at all or are used very rarely. A 
study of the usage percentage from the usage report deter-
mines four categories of supplies usage: no use, infrequent 
use, some use, and frequent use. Organized in this manner, 
the results of the study are shared with the medical staff 
of the unit. Based on the study, they remove the items they 
feel they do not need at all and identify others that can be 
reduced in quantity.

Following this, the overstocking situation is investi-
gated. In some instances, overstocking of the cart leads to 

be ignored. Fortunately, the task force leader understands 
the use of quality costs in decision making. Using quality 
costs, a manager can determine the usefulness of investing 
in new equipment, changing a standard operating proce-
dure, or revising a service design. The task force intends 
to use quality costs to guide the changes they will make to 
the inventory system.

The first step is to convince group members to study this 
situation from a cost-of-quality point of view. The leader 
reminds group members that quality costs are any cost 
that the hospital would not have incurred if the quality of 
the product or service were perfect. Quality costs are the 
portion of the operating costs brought about by providing 
a medical service that does not conform to performance 
standards. Quality costs are also the costs associated with 
the prevention of poor quality. To identify quality costs, 
the leader encourages a brainstorming session.

q➛  assIGNMENT

From reading the case, and from your knowledge of hospi-
tals, identify prevention costs, appraisal costs, failure costs, 
and intangible costs in this situation.

PART 2
By investigating hospital records, the task force captures 
the dollars associated with the quality costs identified in 
Part 1. Their relative values are shown in Figure C13.1.3. 
This figure clearly shows that the appraisal and failure 
costs associated with this problem necessitate investigat-
ing the situation.

FIGURE C13.1.2  Pareto Chart of One Week’s Calls 
to the Medicinal Supplies Distribution Department
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Calculations based on these reports determine an average 
usage per day of each item and the standard deviation asso-
ciated with the usage. From this, usage levels for a two-
day period are determined. Using the standard deviation 
to understand the average usage reduces the number of 
stockouts and mid-day replenishing. To fail to incorpo-
rate the standard deviation in the calculations would have 
increased the internal failure costs (running out of stock) 
instead of limiting them.

After this change is approved by the staff, the amount 
of supplies on the cart is changed to reflect usage rates and 
the carts are restocked every other day. This new process 
is monitored to determine if costs are really reduced and 
if new costs of quality have not developed. The amount of 
usage is noted as well as the number of calls to replenish 
the item between cart restocking. If too many calls are 
made, the amount is increased on the cart. Figure C13.1.6 
shows the changes in appraisal costs in relation to the 
other costs.

Other cost-of-quality issues are identified during this 
investigation. For example, the hospital does not bill 

product spoilage or breach of sterilization. Overstockage 
rates are discussed with the staff and eventually the item 
amounts are decreased. Both of these decreases in inventory 
on the cart reduce the stocking time as well as the cost of 
product spoilage. Figure C13.1.5 shows the result of invest-
ing in prevention costs and allowing process changes based 
on continuous improvement investigations. Failure costs 
decrease and a small reduction in appraisal costs is noticed.

Another major change is suggested by the task force. 
Inventorying the carts every other day instead of every 
day will save on appraisal costs. As long as failure costs 
associated with stockouts can be prevented or limited, this 
change will reduce the burden on the current staff without 
increasing costs. A less-harried stocking staff member will 
be less likely to make a mistake in overlooking an expira-
tion date or an understocked item.

Switching to an every-other-day schedule requires stud-
ying the usage summary reports for the past three months. 

FIGURE C13.1.4  Inventory Item Check Sheet

Inventory Item Check Sheet Showing Number of Calls for Each Item over a Three-Month Period

Item No. Usage On Hand Avg/Day Std Dev % Usage

1 3 0 0.033 0.181

2 157 1350 1.744 2.256 11.6

7 7 90 0.078 0.308 7.8

12 74 180 0.822 0.894 41.1

13 70 180 0.778 0.871 38.9

22 16 450 0.178 0.646 3.6

25 5 90 0.056 0.230 5.6

31 110 0 1.222 10.582

32 145 360 1.611 6.475 40.3

36 10 0 0.111 0.608

38 6 0 0.067 0.292

40 28 360 0.311 0.612 7.8

47 2 90 0.022 0.148 2.2

FIGURE C13.1.5  Quality Costs Chart
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448 CHAPTER THIRTEEN

products (a failure cost). These changes have also resulted 
in reductions of failure and intangible quality costs that 
arise when outdated materials jeopardize the quality of 
patient care.

q➛  assIGNMENT

On the basis of this reading, discuss how quality costs were 
used in decision making.

patients for very low cost items (swabs, alcohol, etc.). 
Following the study, the limit is raised so that more items 
are not charged. While this means that fewer charges for 
minor items reach the patient, the hospital feels that 
these costs are recouped by eliminating the appraisal 
costs associated with checking for these items on patient 
bills and lost charges lists. Another result of the study 
is a noticeable reduction in the materials being wasted 
because of overstocking on the carts and in inventory. 
The preventive quality costs of studying the carts have 
been balanced by the savings incurred by not wasting 
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q➛  assIGNMENT

Given the present situation, what types of quality costs will 
Max’s incur? Do you agree with the way they are operating? 
Why or why not? Where should they be making their invest-
ment? In what types of prevention costs do you feel they 
should be investing in order to avoid other quality costs?

PART 2
Recently, Max’s hired you as a process engineer. Your first 
assignment is to study routine tool wear on the company’s 
stamping machine. In particular, you will be studying tool-
wear patterns for the tools used to create knife blades.

In the stamping process, the tooling wears slightly 
during each stroke of the press as the punch shears 
through the material. As the tool wears, the part features 
become smaller. Although the knife has specifications of 
10 mm { 0.025 mm, undersized parts must be scrapped. 
During their use, tools can be resharpened to enable them 
to produce parts within specification. To reduce manufac-
turing costs and simplify machine scheduling, it is criti-
cal to pull the tool and perform maintenance only when 
absolutely necessary. It is very important for scheduling, 
costing, and quality purposes that the average number of 
strokes, or tool run length, be determined. Knowing the 
average number of strokes that can be performed by a tool 
enables routine maintenance to be scheduled.

It is the plant manager’s philosophy that tool maintenance 
be scheduled proactively. When a tool is pulled unexpect-
edly, the tool maintenance area may not have time to work 
on it immediately. Presses without tools don’t run, and if 
they are not running, they are not making money. As the 
process engineer studying tool wear, you must develop a pre-
diction for when the tool should be pulled and resharpened.

The following information is available from the tool 
maintenance department.

 j The average number of strokes for a tool is 45,000.
 j The standard deviation is 2,500 strokes.
 j A total of 25 mm can be ground off a punch before it 

is no longer useful.
 j Each regrind to sharpen a punch removes 1 mm of 

punch life (25 total regrinds per tool).
 j The cost to regrind is

2 hours of press downtime to remove and reinsert 
tool, at $300/hour
5 hours of tool maintenance time, at $65/hour
5 hours of downtime while press is not being used, 
at $300/hour

 j Average wait time for unplanned tool regrind is 
15 hours at $300/hour.

 j Because of the large number of strokes per tool 
regrind, this is considered to be a continuous distri-
bution. The normal curve probability distribution is 
applicable.

q➛ CasE sTuDy 13.2 

Quality Costs

This case is the third of three related cases found in Chap-
ters 9, 10, and 13. These cases seek to link information 
from the three chapters in order to resolve quality issues. 
It is not necessary to have completed the cases in the other 
chapters in order to understand or complete this case.

PART 1
Max’s B-B-Q Inc. manufactures top-of-the-line barbeque 
tools. The tools include forks, spatulas, knives, spoons, and 
shish-kebab skewers. Max’s fabricates both the metal parts 
of the tools and the resin handles. These are then riveted 
together to create the tools (Figure C13.2.1).

Max’s performs a final inspection before the tools are 
placed into kits for selling. Each quarter, Max’s makes 
more than 1,000,000 tools. Of these, approximately 
240,000 are inspected for a variety of problems, includ-
ing handle rivets, fork tines, handle cranks, dents, pits, 
burrs, scratches, handle color, blade grinds, crooked 
blades, and others. Any tool that has a defect is either 
returned to the line to be reworked or is scrapped.  Figure 
C13.2.2 provides information for their first-quarter 
inspection results.

q➛  assIGNMENT

Create a Pareto chart with the information provided in 
Figure C13.2.2. Are any of the categories related? Can they 
be grouped in any way? What problems should be tackled 
first?

FIGURE C13.2.1  Barbeque Tools
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452 CHAPTER THIRTEEN

proactive when scheduling tool maintenance (regrinds) 
rather than to have to unexpectedly pull the tool. How-
ever, pricing will be a very important factor in selling this 
job to the customer. Essentially, the plant manager wants 
no unplanned tool pulls but sales needs pricing cost reduc-
tions. The production scheduler would like a tool-regrind 
schedule that results in minimal inventory.

q➛  assIGNMENT

You will soon be meeting with the plant manager and the 
managers from sales and production scheduling. They are 
expecting you to have an answer to the question, Given the 
need to balance maximizing tool use, minimizing inven-
tory, minimizing production disruption, and minimizing 
cost, how many strokes should you recommend to run this 
tool before pulling for a regrind?

Create a graph that shows the number of unplanned 
pulls versus the number of strokes. The graph should com-
prise at least six data points. Next complete the following 
spreadsheet, showing the costs of each individual’s plan. 
Using the graph and the spreadsheet, prepare a response 
for the question, How many strokes should the tool be 
run before pulling it for a regrind? Your analysis should 
include answers to the following questions: How will this 
number balance tool use, cost, inventory, and produc-
tion disruption? What are the economics of this situation? 
What quality costs exist?

q➛  assIGNMENT

Your first assignment as process engineer is to develop a 
prediction routine for tool wear. As mentioned previously, 
the plant manager’s chief concern is ensuring planned tool 
regrinds. Early wearout—and thus an unplanned tool 
pull—can be caused by a variety of factors, including 
changes in the hardness of the material being punched, 
lack of lubrication, the hardness of the tool steel, and the 
width of the gap between the punch and the die. Key part 
dimensions are monitored using X and R charts. These 
charts reveal when the tool needs to be reground in order 
to preserve part quality.

When a tool wears out earlier than expected, the tool 
room may not have time to work on the tool immediately. 
While waiting for the tool to be reground, the press and 
its operators will be idle. The plant manager would pre-
fer that tools be pulled early in their wearout phase to 
avoid the chance of an unexpected tool pull. He would 
like to pull the tool for regrind at 40,000 strokes. What is 
the chance that the tool will be pulled for regrind before 
40,000 strokes?

PART 3
Now that you have been at Max’s B-B-Q Inc. for a while, 
the plant manager asks you to assist the production sched-
uling department with pricing data on a high-volume job 
requiring knife blades for the company’s best customer. 
As you know, it is the plant manager’s philosophy to be 

Plant Manager Production Scheduler Sales Manager You

Strokes  
Before 
 Pull

40,000 42,000 43,000

Number of  
Pulls 25 25 25

Production  
over Life  
of Tool

1,000,000 1,050,000 1,075,000

Cost of  
Each Pull $2,425 $2,425 $2,425 $2,425

Additional  
Cost of an  
Unplanned  
Pull

$4,500 $4,500 $4,500 $4,500

Chance of  
Unplanned  
Pulls

Total Additional  
Cost due to  
Unplanned Pulls

Total Cost

M13_SUMM3273_06_SE_C13.indd   452 10/28/16   8:15 PM



453

C H A P T E R
F O U R T E E N

MAJOR TOPICS
 j The Evolution of Product Liability
 j Warranties
 j Liability Loss Control Programs
 j Product Liability Suits
 j Future Considerations
 j Summary
 j Lessons Learned
 j Chapter Problems
 j Case Study 14.1 Product Liability: Aircraft
 j Case Study 14.2 Product Liability: Tires

PROdUcT LiabiLiTy

 j In the Washington, D.C., area, the Girl Scouts must 
use the profits from 87,000 boxes of cookies to 
cover the organization’s liability insurance even 
though they have never been sued. (Newsweek, 
March 20, 1995)

 j In 2015, after six deaths and 100 injuries, Takata, 
an automotive supplier of air-bags, issued a recall 
for nearly 40 million cars world-wide. When 
deployed, the air-bag inflators could explode send-
ing shrapnel into the vehicle’s passengers.

 j In 2006, Dell Laptop computers’ lithium ion batteries 
overheated to the point of exploding forcing a recall.

 j The product liability system is a $150 billion bur-
den on the nation’s economy, raising consumer 
prices, undercutting innovation, and depleting 
corporate resources that would be better spent on 
capital improvement, worker training, and Research 
and Development. (The Real Economic Impact of 
Product Liability Tort Reform, M. Kennerly, 2013)

A perfectly safe product is one that can do no objec-
tionable harm at any time, under any circumstances. 
Relatively few such perfect products exist. Since this 
is the case, much must be done in the design and 
manufacture of a product or the provision of a service 
to give the consumer the safest product or service 
possible. In a society so highly dependent on prod-
ucts and services produced by others, are there ways 
of providing for society’s needs without exposing the 
provider to excessive product liability costs? Product 
liability costs can add 15 to 30 percent to the cost of 
a product. This chapter provides some background in 
product liability as well as ideas for designing and cre-
ating safer products and services.

q➛  L E A R N I N G  O P P O R T U N I T I E S

1. To introduce the concept of product liability

2. To broaden the reader’s understanding of how designs 
are affected by product liability issues

3. To show how product design and development pro-
grams can help protect companies from product liabil-
ity issues

4. To show how quality assurance programs can help pro-
tect companies from product liability issues

Examples of the Results of Product Liability Losses

 j Only two of the original eighteen American firms mak-
ing football helmets exist, due in part to multiple prod-
uct liability suits. (BusinessWeek, February 7, 1994)

 j In 2009, though no deaths occurred, the Consumer 
Product Safety Commission recalled of 50 million 
sets of window blinds and shades because of the risk 
of children choking on the cord.

 j In 1982, the cyanide in Tylenol deaths of seven 
Chicago-area residents forever changed how products 
are packaged.

 j A nationwide shortage of vaccine to protect children 
from diphtheria and whooping cough developed when 
only one company chose to continue to manufacture 
it, given the high liability insurance costs. (Nation’s 
Business, February 1986)

 j Diagnostic errors occur with startling frequency. 
Medical errors due to misdiagnosis resulting in harm 
or even death may be as high as 160,000 incidents a 
year. (Tinyurl.com/iom-study 2015)
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Without the concept of privity, though the injured 
party must still prove negligence, a manufacturer’s duties 
extend to the ultimate user of the product.

Strict Liability
In 1962, Greenman v. Yuba brought another change to 
product liability cases by introducing the concept of strict 
liability. Under strict liability, a manufacturer who makes 
and sells a defective product has committed a fault. A prod-
uct is considered defectively made if it has a defect that 
causes it to be unreasonably dangerous and the defect is 
the reason for an injury. Even though there is no evidence 
of negligence, the manufacturer can be held strictly liable in 
tort. By placing the item on the market, the manufacturer 
has said the product is fit for use. The concept of strict 
liability is basically sound, although it ensures that the 
manufacturer carries the cost of injuries. It assumes that 
the person was injured through no fault of his or her own; 
in other words, there was no contributory negligence. The 
court’s mission has changed from finding fault to determin-
ing the amount of compensation due the injured party. 
Some people feel that the explosion of product liability 
cases can be traced to the strict liability in tort doctrine.

WaRRaNTiES
Two kinds of warranties exist: expressed and implied. 
An expressed warranty is part of the conditions of sale. 
Expressed warranties can be written or oral, found in 
advertising or contracts (Figure 14.1). Expressed  warranties 
should state the following:

 j What is covered?
 j What is not covered?
 j When does the coverage begin?
 j How long does the coverage last?
 j What will the company do in the event of problems?
 j How and where can the consumer get warranty service?
 j Are any state laws applicable?

An implied warranty is implied by law rather than by 
the seller. Merchantability, the act of putting the product 
on the market or providing a service, implies that the prod-
uct or service is fit for normal foreseeable use. The buyer 
purchases the product on the reasonable assumption that 
the product will be reliable. Merchantability also implies 
that the manufacturer contemplated the known risks asso-
ciated with the product or service, who the intended users 
of the product or service were, what the necessary warnings 
and instructions were, and the foreseeable misuse. In 1960, 
the Henninsen v. Bloomfield breach of implied warranty 
case removed the concept of privity from contract cases. 
The judge determined that merchantability and fitness for 
use extends to the reasonably expected end user of the 
product. Several of the examples in this text describe how 
warranty costs can drive continuous improvement efforts.

THE EVOLUTiON OF PROdUcT 
LiabiLiTy
The ability of an individual to recover damages after being 
injured by a product or service has changed considerably 
over time. Product liability law is case law, meaning that 
there are few, if any, federal mandates or legislative actions. 
Because it is based on common law—the decisions of judges 
and juries in individual cases—product liability law reflects 
changing social and economic conditions. Product liability 
laws and the outcomes of the trials vary from state to state.

A lawsuit is a civil suit seeking money damages for 
injuries to either a person or property, or both. Product 
liability lawsuits involve two parties: plaintiffs and defend-
ants. Plaintiffs are the injured parties who file suit in a court 
of law. The defendant is the person or company against 
whom a claim or suit is filed. Product liability cases may be 
brought for many reasons, including product defects, design 
deficiencies, inadequate guarding, or inadequate warnings.

Negligence and Privity
Negligence occurs when the person manufacturing the 
product or providing the service has been careless or unrea-
sonable. Negligence cases focus on the conduct of the man-
ufacturer. In negligence cases, the injured party must prove 
that the defendant failed to exercise due care in the crea-
tion of the product or provision of the service. An example 
of failure to exercise due care would be the case where a 
manufacturer or service provider fails to keep current with 
technology. Negligence cases place the burden on the plain-
tiff, because it is the plaintiff’s responsibility to show that 
the defendant’s conduct was not what it should have been.

One of the earliest product liability cases based on negli-
gence, Winterbottom v. Wright (1842), involved a defective 
mail coach. The case was settled on the basis of the concept 
of privity. Under privity, a suit cannot be filed unless a con-
tract (an agreement) exists between the parties of the suit. In 
today’s world, the concept of privity means that you would 
not be able to sue the maker of a toaster oven that caused a 
fire, unless you had bought that toaster oven directly from 
the manufacturer. It wasn’t until 1916 that privity was no 
longer considered a suitable defense for negligence cases.

In the 1916 landmark case, MacPherson v. Buick 
Motor Company, the court found that an auto manu-
facturer had a product liability obligation to a car buyer 
whose car wheels were defective, even though the sales 
contract was between the buyer and the dealer. Presiding 
Judge Kellogg held that

under the circumstances the defendant owed a duty to all 
purchasers of its automobiles to make a reasonable inspec-
tion and test to ascertain whether the wheels purchased and 
put in use by it were reasonably fit for the purposes for which 
it used them, and, if it fails to exercise care in that respect, 
that it is responsible for any defect which would have been 
discovered by any such reasonable inspection and test.*

* MacPherson v. Buick Motor Company, 1916.
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phases, including negotiation of contracts with suppliers; 
through actual manufacture, testing, and assembly; into 
packaging, labeling, and use instructions; product service; 
and ultimately to the methods of promotion, marketing, 
and distribution, including warranty periods and service 
arrangements. In a product liability suit, a plaintiff must 
show that a defect was the cause of the injury or loss. 

LiabiLiTy LOSS cONTROL 
PROGRaMS
Liability exposure exists at every phase of product devel-
opment or service provision, from conception to the first 
preliminary design; through all design stages, develop-
ment, and testing of prototypes; into the manufacturing 

FIVE-YEAR WARRANTY
Suitcases Unlimited designs and builds our suitcases with integrity, fine materials, and an atten-
tion to detail. Suitcase Unlimited products are of the highest quality and will provide you with 
many years of satisfaction.

Suitcases Unlimited offers a five-year warranty with this product, guaranteeing that the product 
will be free of defects in material and workmanship at the time of purchase.

In the unlikely event that you discover a defect in the material or workmanship of this product, we 
will repair or replace it. To activate this warranty, you must write, e-mail, or fax to us an explana-
tion of the defect, an item description, and the style number to the address provided below. Please 
include your address and daytime phone number where you can be reached. After we review your 
information, you will be contacted concerning where you should send or take your bag for repair.

Please note that our luggage is designed to be used under normal conditions. Although we use 
high-quality materials, our luggage is not indestructible. Our five-year warranty does not cover 
damage resulting from abuse or mishandling. If an airline or other travel mode damages your lug-
gage, you should file a claim directly with them. Normal wear and tear on parts such as moving 
parts and wheels is not covered by our warranty. Suitcases Unlimited reserves the right to make a 
final judgment on all claims.

Suitcases Unlimited

Anywhere USA

(800) 555-1212

www.suitcasesunltd.xxx

FIGURE 14.1  Five-Year Warranty

Preventive maintenance plays a vital role in producing quality 
products at JRPS. Part of their preventive maintenance program 
includes the rebuilding of key machines. Most recently, one of 
their cylindrical grinders has been sent out to be remanufac-
tured and fitted with additional electronic upgrades. During this 
process, the machine is disassembled. Following a complete 
inspection of the component parts, any necessary repairs or 
replacements will occur. When the machine is returned to JRPS, 
it will have new bearing ways. Mutilated or broken gibs will be 
replaced. All ways that are not hardened will be spotted or flaked 
for holding oil. All seals, boots, bearings, gaskets, protective cov-
ers, cylinders, drive belts, feed or positioning screws and nuts, 
and way wipers will be replaced. In essence, all parts that affect 
the machine’s performance, accuracy, and reliability will be 
replaced or remanufactured as necessary. These newly revitalized 

machines return with a written warranty. The warranty includes 
the following statements:

a. We extend a one (1) year warranty during which time any 
materials that prove to be defective will be corrected at no 
charge to the original customer. Our liability being limited to 
the repair or replacement of such materials.

b. The remanufactured machine will comply with all applicable 
safety regulations.

c. We will, throughout the entire remanufacture process, main-
tain the same quality as the original manufacture with respect 
to workmanship, accuracies, and alignments.

d. We will provide a complete run-off prior to shipping the 
remanufactured machine to the original owner in order to 
ensure machine compliance.

Warranties at JRPS REaL TOOLS for REaL LiFEq➛
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for the consumer, companies should follow several steps 
to minimize risks.

1. Design to Remove Unsafe Aspects. First and fore-
most, the product or service should be designed without a 
possible danger or hazard. This is the most important step 
to making a product or service safe for the consumer. All 
avenues of design modifications should be studied before 
allowing a product to be manufactured or a service to be 
provided if that service or product is inherently dangerous. 
Other, perhaps safer, products or services on the market 
should be studied.

Designers should consider the user and determine the 
likelihood of injury and the seriousness of that injury. 
Techniques like preliminary hazard analysis and failure 
modes and effects analysis (Figure 14.2) are invaluable 
for determining product hazards. While brainstorming, 
designers should ask questions like: What level of under-
standing can a reasonable and prudent user of the product 
or service be expected to have? How obvious is the danger? 
Does the public have common knowledge of the danger? 
And finally, if a danger exists in a product or service, can 
the danger be eliminated without seriously affecting the 
design, form, or function of the product? If the answer to 
this is yes, then it is the company’s responsibility to do so.

Manufacturers and service providers should also inves-
tigate the area of product or service misuse. For every 
product or service on the market, there exists the poten-
tial for misuse by the consumer. Designers should strive to 
determine every foreseeable use for their product or service 
and design out potential hazards. Creative brainstorming 
sessions with future customers are often fertile grounds 
for discovering future misuses of the product. Designing 
with misuse in mind encourages designers to recheck their 
designs, guards, and product warnings.

2. Guard against Unsafe Use. If the danger cannot 
be designed out of the product, or if the product is inher-
ently dangerous, the second step a designer should take 
involves guarding the user against the danger. Guards 
prevent users from gaining access to the area that would 

Product or service defects can come from several sources: a 
flaw in the manufacturing process, a design defect, a pack-
aging defect, or failure to warn of the dangers. Manufac-
turing defects may be evident in a weld that breaks under 
normal usage or a cracked part that causes an equipment 
malfunction. Design defects such as those that caused the 
collapse of the Kansas City hotel walkway may be due 
to material or weld failures, sharp edges or corners, fail-
ure to provide guarding and safety devices, a concealed 
danger, or just poor design, such as locating a chain saw 
muffler below the handle. Defective packaging may cause 
an accident or injury. The Tylenol poisonings are an exam-
ple where proper packaging could have alerted consum-
ers to tampering. After these poisonings, many packages 
have added shrink-wrapped safety seals to make tampering 
more visible.

Service and information industries are also vulnerable 
to product liability action. A city may be sued if it fails to 
trim roadside shrubbery and an accident occurs because of 
limited sight distances. A creator of software may be sued 
because a software glitch dropped an item from a quota-
tion or bid. The U.S. government may be sued because a 
National Weather Service forecast predicted fair weather 
when a severe storm was developing.

In the case of a design defect, an inadvertent error may 
have occurred, from misplacement of a decimal or an error 
in reading a table. A design defect may have resulted from 
a conscious design choice that was considered acceptable 
at the time. When a manufacturing defect causes the injury 
or loss, the defendants have little with which to defend 
themselves. To protect themselves, many companies have 
developed liability loss control programs. These programs 
have two major aspects: product design and development 
and quality assurance. In some companies, reliability testing 
may also be a component of a liability loss control program.

Product Design and Development
To avoid creating a dangerous product, designers should 
consider the usefulness and desirability of their product. 
Once it has been determined that the product has value 

Preliminary Hazard Analysis (PHA). A Preliminary Hazard Analysis is an inductive technique that identifies hazards. A PHA can 
focus on the hazards in systems, products, components, assemblies, or subsystems. A PHA can also be used to study the haz-
ards associated with situations and events. A PHA assesses risk by identifying accident possibilities and qualitatively evaluating 
the severity of a possible injury or damage associated with the accident. A complete PHA will provide proposals for safety meas-
ures and improvements.

Failure Mode and Effects Analysis (FMEA). An FMEA is an inductive method that evaluates the variety of ways (modes) a sys-
tem, subsystem, or component can fail, the frequency at which it may fail, and consequences associated with failure. An FMEA 
assesses risk by identifying the probability of failure and the severity of that failure. A complete FMEA will provide proposals for 
safety measures and improvements.

Fault Tree Analysis (FTA). Unlike the PHA or FMEA, an FTA is a deductive method. It begins with the undesirable event and 
determines all of the elements that must be in place in order for this undesirable event to occur. Upon completion, the FTA will 
provide proposals for safety measures and improvements.

FIGURE 14.2  Hazard Analysis Techniques
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Warnings must be specific and must describe the 
consequences of their being ignored. Warnings should be 
highly visible and easily comprehensible. In today’s world, 
warnings should be pictorial in nature or multilingual to 
be effective. If the warning is written, it should be clearly 
worded in simple language. Warnings should discuss safe 
installation, operation, cleaning, and repair practices. The 
consequences of misusing the product should be clearly 
stated. Warnings are a last resort, to be used when design-
ing out or guarding against an inherent danger has proven 
infeasible. People tend to become accustomed to warnings 
and ignore them, even where there is a high probability of 
injury.

4. Design to Standards. A product should be designed 
to comply with industry standards. Although designing to 
standards does not ensure a safe product, standards do 
tend to create safer products. Standards also encourage 
those providing products and services to remain current in 
their field. State-of-the-art knowledge enhances the design 
and production of a product.

5. Conduct Design Reviews. One of the most impor-
tant aspects in a product’s life cycle is a series of design 
reviews. During design reviews, those closest to the product 
or service determine whether it will perform as expected in a 
safe and reliable manner. The most common types of design 
review are an introductory design or proposal review, a 
preliminary design review, a final design review, and a post-
production design review. During each of these reviews, the 
ability to manufacture or provide the product or service is 
reviewed, as is the usability of the product or service by the 
customer. Reliability and liability issues are also discussed. 
Those involved in the design review process should ask 
questions similar to those presented in Figure 14.4.

6. Advertise and Market Wisely. Any advertisement 
should support a valid product application and usage. 
Occasionally, a company creates potential product misuse 
situations through its advertisements, marketing materi-
als, and sales personnel. A manufacturer’s best defense 
against product liability problems involves developing 
advertising and warranty claims that provide completely 

cause them injury. When the potential exists for mis-
use of the product or service, guards or design features 
should be in place to prevent the misuse. Care must be 
taken to ensure that the guards are not made so incon-
venient that people circumvent them, thus defeating the 
purpose. A partial list of possible hazards is provided in 
Figure 14.3.

3. Provide Product Warnings and Instructions. If the 
product hazards cannot be designed or guarded out of a 
product, then a designer’s final recourse is to warn the 
user. In both negligence and strict liability cases, there is 
a duty to warn. If the manufacturer has pertinent safety 
information for the product, then they must pass on this 
knowledge to the consumer through a warning. Warnings 
should describe the foreseeable risk of harm that is inher-
ent in the product or that may arise from any intended or 
reasonably anticipated use of the product at the time the 
product is marketed. In the past, the courts have found that 
a lack of warnings or instructions rendered the product 
unreasonably dangerous. Warnings and instructions are 
not the same. Warnings call attention to hazards or dan-
gers, whereas instructions provide information for effective 
use of the product.

Crushing between objects
Shearing
Cutting
Entanglement
Drawing-in
Trapping
Impact
Puncture
Abrasion
Exposed electrical wiring
Thermal (heat/cold)
Noise
Exposure to gases or fumes
Fire or explosion
Unexpected start-up of equipment

FIGURE 14.3  Possible Hazards

From all points of view, is this a reasonably safe product for its intended use and intended end user?
How could this product fail?
Will the end user be using this product to perform a hazardous job?
Potentially, how could an end user misuse this product?
Are there any obvious dangers in this product? Any hidden?
Have any safety devices been left out in the design?
What kind of warning labels or instructions are necessary?
How does this product compare with those of our competitors?
What are the applicable government regulations?
Under what conditions will this product be used? What are the extreme conditions?
What type of product changes may occur in the foreseeable future?
How is the product to be marketed?

FIGURE 14.4  Design Review Questions
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within the lawn mower there are many changes that can be 
made to the design to improve the safety of the equipment. 
One such modification is to place the muffler in a location 
that makes it difficult for users to burn themselves on the 
hot cover. There have been lawn mowers that have been 
designed so that the muffler or a hot engine component is 
placed near the gas tank opening. Designs such as these 
reflect little thought to designing out hazards. The user has 
not been considered nor has the likelihood of burn injuries 
or the seriousness of those injuries. Good designers inves-
tigate all avenues of design modifications before allowing a 
product to be manufactured or a service to be provided that 
is inherently dangerous.

Step 2. Guard against Unsafe Use. It is in this area 
that lawn mowers have undergone the greatest amount 
of change. Since all the dangerous aspects cannot be 
designed out of lawn mowers, the addition of guards has 
changed their look. Guards on the platforms of riding 
lawn mowers and on the backs of push lawn mowers pre-
vent users from gaining access to the blades. One major 
safety issue surrounds cleaning the duct that spews out 
cut grass. Here a high potential exists for misuse of the 
mower. People reach in to clear the duct, placing their 
hands or feet in close proximity to the blades. Push lawn 
mowers currently on the market have handles that the 
operator must hold in order to keep the blades spinning. It 
is extremely difficult for a person to reach the duct while 
holding the handle; thus this type of guard prevents the 
person from cleaning the duct while the blades are still 
turning.

Step 3. Provide Product Warnings and Instructions. Lawn 
mowers currently on the market are accompanied by a 
long list of warnings. Since the product hazards cannot 

accurate information concerning the product’s life, safety, 
and performance expectations. Advertising claims about 
a product’s life cycle, safety, material durability, environ-
mental side effects, and usage must be truthful. Adver-
tisements and marketing materials that show the product 
performing tasks it is not designed to do set the stage for 
misuse of the product by the consumer. Product liability 
loss prevention is not the sole responsibility of the prod-
uct designer or manufacturer; misrepresentation and exag-
geration in advertisements and marketing materials may 
also be involved. Proper training of distributors, dealers, 
and sales personnel can lower product liability costs by 
enabling them to give guidance and training to purchas-
ers of the product. Increasing a consumer’s knowledge of 
the product and its uses can greatly reduce the potential 
for harm.

Example 14.1 Company Consciousness of 
Product Liability
In the past decade, the design of lawn mowers and their 
attachments has changed dramatically. An inherently 
dangerous product, lawn mowers are commonly used 
pieces of equipment in the lives of most suburban home-
owners. The necessity of mowing a lawn with something 
larger than an old-style human-powered lawn mower has 
created a product that consumers see as useful, desirable, 
and valuable. In the past decade, lawn mower manufac-
turers have taken the steps described in this chapter to 
minimize risks.

Step 1. Design to Remove Unsafe Aspects. Since lawn 
mowers are inherently dangerous, it is not possible to com-
pletely design out every possible danger or hazard. But 

The Food and Drug Administration (FDA) and insurance providers 
made headlines in April 2008 when they announced the launch of 
a combined effort to tract the relationship between medical claims 
and prescription drug use. According to the April 15, 2008, article 
in the Wall Street Journal, this information will be used for tracking 
drug safety. The collaborative effort will use charts to look for hid-
den patterns or spikes in medical problems that could potentially 
signal that there is an interaction between the patient’s condition, 
the medication, or the combination of drugs that they are using. 
Essentially, this will be a design review of a drug as it is used by 
consumers.

Drug safety is a key issue in today’s society. Consumers 
expect new drugs to combat a wide variety of illnesses. The 
FDA wants to make sure that the drugs released on the market 
do not inadvertently harm the consumers using them. In the 

past, monitoring drug reactions and problems has not been 
easy. When problems occurred with the Merck & Co. painkiller 
Vioxx, it took five years to amass enough data to provide a clear 
link between the drug and heart attacks. This new system has 
the potential to prevent similar situations by using the infor-
mation of nearly 35 million insured individuals to follow drug 
use. The quality prevention costs associated with this effort 
are high. Information sharing of computerized databases does 
not happen easily. The data must be sorted, graphs drawn, and 
interactions determined. The benefits for investing in these 
prevention costs make it a worthwhile investment. The system 
hopefully will be able to detect problems with drugs much more 
quickly and reliably than ever before, preventing negative con-
sequences for users. These drug safety surveillance capabilities 
will enhance patient safety.

Design Reviews in Drug Development REaL TOOLS for REaL LiFEq➛
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service provision, packaging, shipping, and service. New 
product design reviews study the basic designs of lawn 
mowers being offered. These reviews consider hazards, 
quality information, and consumer feedback to improve 
mower design. Information from consumer complaints, 
warranty claims, and product recalls is carefully investi-
gated and the results of those investigations are used to 
improve the product.

 q➛
Product Recalls
Sometimes in the course of providing a product for con-
sumers, it is necessary to remove that product from the 
marketplace. When this occurs, customers who have 

be completely designed or guarded out, the user must 
be warned. Figure 14.5 shows warnings that are specific 
and that describe the consequences of ignoring them. The 
warnings are pictorial and simply and clearly worded. In the 
instruction booklet, the warnings discuss safe installation, 
operation, cleaning, and repair practices.

Step 4. Design to Standards. Many of the design, guard-
ing, and warning changes made to lawn mowers are a direct 
result of industry standards, which were created to help 
ensure a safer product.

Many mower manufacturers have also instituted qual-
ity assurance programs. At the plant level, these programs 
link the activities of design, marketing, manufacturing, 

FIGURE 14.5  Product Warnings

KEEP RIDERS OFF MACHINE
Allow only the operator on the machine.

PROTECT CHILDREN
Keep children and others away when you
operate the machine.

Do not let children operate or ride on
the mower.

BEFORE YOU BACK UP:

• Look behind the tractor for children, pets, and objects.

CAUTION

DANGER!
ROTATING BLADE
Stop engine
before clearing
discharge.

THROWN OBJECTS
Do not mow without
catcher, side chute, or
mulcher plug/plate in
place.

DANGER!
ROTATING BLADE
DO NOT PUT HANDS
OR FEET UNDER OR
INTO MOWER WHEN
BLADE IS ROTATING.
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 j Documented testing policies, procedures, and 
processes

 j Design review policies and procedures
 j Hazard analysis procedures
 j An effective reliability testing program
 j Documented compliance to government standards
 j An effective engineering change order program
 j An effective supplier certification and selection 

program
 j Documented inspection policies and procedures
 j A documented recall program that can be imple-

mented if needed
 j Documented customer input and responses
 j Education

A good quality assurance system will educate those 
working for a company in the necessity of good commu-
nication with customers and suppliers, both internal and 
external. Education will provide information about key 
issues to address in everything from the wording of pur-
chase orders, warnings, and instructions, to the selection 
of suppliers, to holding design reviews and handling sensi-
tive design issues, to interaction with customers, accident 
investigation, and product recalls. Training in techniques 
such as failure modes and effects analysis and preliminary 
hazard analysis is also needed.

To ensure that product liability issues are tackled 
before they become a major expense for a company, 
some companies designate a product liability expert. This 
individual develops a thorough technical knowledge of 
all of the products or services provided by the company. 
Normally this person also has an understanding of the 
legal issues surrounding product liability cases. Individu-
als best suited for this type of work display a high degree 
of professionalism and diplomacy as well as technical 
knowledge.

Product liability costs manifest themselves in many 
ways, including recall, replacement, and repair costs. Pre-
vention and appraisal quality costs will also increase when 
a company is confronted with a product liability issue. 
While most people recognize the costs associated with 
legal defenses, awards, and liability insurance, few realize 
that product liability has an adverse impact in other areas. 
Faulty products or services create dissatisfied customers; 
coupled with product liability disputes, they may damage 
a company’s reputation on a broad scale. Product liability 
costs may cause a company to decide against introduc-
ing new products or to discontinue existing product lines 
entirely. If new product introductions have decreased, then 
there is little encouragement to continue product research. 
Other companies report lost market share as a consequence 
of product liability issues. Lost market share can result in 
laid-off workers, closed production plants, or the decision 
to move production offshore. To remain competitive, com-
panies must emphasize product design and quality assur-
ance to minimize the impact of product liability.

purchased the product must be informed of the dangers 
associated with it. They must also know what to do to 
remedy the unsafe situation related to the product. When 
a company considers recalling a product, they base their 
decision on their answers to the following questions:

 j What is the utility of the product?
 j What is the nature of the injury that the product might 

cause?
 j What is society’s need for the product?
 j Who is exposed to the dangerous aspect of the 

product?
 j What is the risk of injury associated with using the 

product?
 j Are other, safer products available?
 j What other information is available about the product 

or the customers who use it?

When a recall occurs, the primary objective of the recall 
is to immediately communicate accurate and understand-
able information about the defect, its associated hazard, 
and necessary corrective action to the general public. Natu-
rally, to limit liability, the company engaged in the recall is 
interested in locating and removing all defective products 
from the distribution system and from consumers as quickly 
as possible. Many companies go to great efforts to design 
informational material to motivate retailers and the media 
to get the word out. In some cases, incentives are added to 
encourage the consumers to act quickly on the recall. Even 
if no harm is done, product recalls are very expensive for 
the manufacturer and very inconvenient for the consumer.

Quality Assurance Involvement
A program to reduce the risks associated with product 
liability must embrace design, marketing, manufacturing, 
service provision, packaging, shipping, and service. To 
enhance their ability to deal with product liability issues, 
manufacturers or service providers will want to have a 
strong quality assurance system in place. As more compa-
nies implement quality systems like ISO 9000, the courts 
uphold them as benchmarks when discussing whether man-
ufacturers or service providers have been remiss in their 
duties to their customers. Courts no longer solely focus 
on the incident surrounding the case; they are interested in 
the quality assurance procedures in the company. Specifi-
cally, how good is a company’s system at preventing and 
controlling risk? Having a quality assurance system is only 
part of the story; being able to show proof of that system’s 
effectiveness is also necessary. Whether or not a company 
utilizes a quality system like ISO 9000, their quality system 
should have the following components:

 j Documented work method policies, procedures, and 
processes

 j Documented production policies, procedures, and 
processes
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In compression, concrete is unbeatable. In tension, though, con-
crete is fragile. To provide concrete with tensile strength, steel, 
in the form of rebar, is inserted. When two pieces of rebar need 
to be connected, a mechanical splice is used. Mechanical splices 
can play a critical role when placed in between two concrete 
forms. Splice failure could, unfortunately, contribute to the col-
lapse of a structure. If this were to happen, the manufacturer of 
the mechanical splice could be held strictly liable. Under the 
concept of strict liability, a manufacturer who makes and sells a 
defective product, in this case, the splice, has committed a fault. 
A splice would be considered defectively made if it has a defect 
that causes it to be unreasonably dangerous and the defect is the 
reason for an injury.

Mechanical splice manufacturers utilize quality assurance 
programs to reduce the risks associated with product liability. 
These programs monitor splice production from the inception of 
the design, to manufacturing, packaging, and shipping, to prod-
uct applications in the field. Quality assurance systems include 
reliability testing, compliance to standards, effective engineering 
change order systems, documented inspection policies and proce-
dures, and documented, effective responses to customer issues.

Recently, a customer received 220 setting bars, rebar with 
a mechanical splice pre-installed on each end (Figure 14.6). 
Unfortunately, they were longer than the length specified. Since 
the bars were to be placed in between two concrete forms, the 
length specified by the customer is very important. Construction 
specifications set the walls a fixed distance apart. If the setting 
bar is too long, it cannot be placed between the walls. If the bar 
is too short, one end of the assembly cannot be nailed tight to the 
form, allowing concrete to get between the splice and form and 
preventing the splice bar from being installed in the next phase of 
construction. Fortunately the error was caught before any of the 
bars were used.

This type of external failure, the customer receiving setting 
bars of an incorrect length, was an expensive cost of quality issue 
for MM Corporation. Replacement parts were made ($1,055) and 
shipped ($72) at MM Corporation’s expense. They also had to pay 
to retrieve and destroy the incorrectly made setting bars at a cost 
of $146. The total loss amounted to $1,273.

An even greater concern surrounded the product liability 
issues. Had the setting bars actually been used and failure 
occurred, MM Corporation would have been held strictly liable. 

The splice assembly would have been considered  defectively 
made, not made to the customer’s specifications. This 
defect would have caused the product (the structure) to be 
 unreasonably dangerous, and the defective splice assemblies 
would have been the reason behind any injuries. The product 
liability costs could have been high enough to bankrupt the 
company.

After having rectified the customer order and ensured that the 
incorrectly made setting bars were destroyed, a quality assurance 
team was created to determine the root cause behind the setting 
bars being made too long.

When the customer contacted MM Corporation to complain 
about the defective setting bars, a corrective action report was 
generated (Figure 14.7). The team used this corrective action 
report to start constructing a WHY-WHY diagram (Figure 14.8). 
From this diagram, they quickly determined four things:

 j The finished setting bar dimension was to be 9 inches.
 j When orders are placed, the person processing the order cal-

culates the cut length for the rebar raw stock.
 j The cut length calculation is not reviewed by anyone once the 

calculation is completed.
 j The finished pieces are not compared with the specified 

dimensions shown on the order.

With this information, the team realized that a system does 
not exist to verify either the correctness of the calculations or the 
correctness of the finished bar assemblies. Based on their find-
ings, the team rectified this situation by creating

 j An easier raw rebar sizing calculation system for order 
processors.

 j A quick check section on the order document to be used to 
verify calculations (Figure 14.9).

 j A process change to include the inspection of the first com-
pleted piece, using the customer order requirements as the 
specifications.

The team recorded their results and planned changes on the 
corrective action report (Figure 14.10).

In this case, sound problem identification and problem-solving 
techniques resulted in improved ordering and manufacturing pro-
cesses. Having processes in place that prevent errors from occur-
ring can significantly reduce future product liability costs.

Using Quality Assurance Concepts to Reduce Product 
Liability Risk

REaL TOOLS for REaL LiFEq➛

FIGURE 14.6  Real Tools for Real Life: Rebar with Mechanical 
Splice Pre-installed

Rebar Cut Length

L

(Hold Length)

(shear tip to shear tip)

A
O
1
4

DOUBLE ENDED SETTING BARS

(continued)
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FIGURE 14.7  Corrective Action Response Form

CORRECTIVE ACTION RESPONSE

Part Number: PA  32/ R

Customer: TVC

K. SMITHContact Person:

Lot Size: 160 Total Nonconforming

S. O. Number

Initiated By: MM

Phone No.: 555–1212

80   80

204 Issue Date: July 5

C.A.R. Number: 21

C.A.R. Due Date: July 12

July 10

M. MINK

Customer No.: TVC 123

Team Captain: CAROL CELIUS

160

Champion: M. MINK
Team Members: DAVID, DON, PAUL, CAROL, MIKE

    Parts were received by the customer @ 10 1⁄4" long (A Dimension) and the order was for 9"
(A dimension). The nonconformance was discovered on July 5 at the job site.

1. Team Members

2. Problem Description (Definition)

3. Containment Action(s):

5. Interim Corrective Action(s):

6. Permanent Corrective Action(s):

7. Actions to Prevent Recurrence:

8. Closed by Initiator:
Signature:

Implementation Date:

Implementation Date:

Implementation Date:

Verification Date:

Verified By:

Verified By:

Verified By:

Verified By:

Verified By:

Completion Date:

Date Closed:

4. Root Cause(s):

Replacement assemblies were manufactured and shipped on July 10, 2001.
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FIGURE 14.10  Corrective Action Response Form

July 12

CAROL CELIUS

Trained Sales sta�.

Created sales quote for the product line that calculates the cut length.

Create setup order that calculates the cut length.

The manufacturing documentation system was never in place for this
product. Reference 5 WHY report attached. If there is an error on the order
it may be undetected in manufacturing.

CORRECTIVE ACTION RESPONSE

Part Number: PA 32 / R

Customer: TVC

K. SMITHContact Person:

Lot Size: 160 Total Nonconforming

S. O. Number

Initiated By: MM

Phone No.: 555–1212

80   80

204 Issue Date: July 5

C.A.R. Number: 21

C.A.R. Due Date: July 12

July 10

M. MINK

Customer No.: TVC 123

Team Captain: CAROL CELIUS

160

Champion: M. MINK
Team Members: DAVID, DON, PAUL, CAROL, MIKE

    Parts were received by the customer @ 10 1⁄4" long (A Dimension) and the order was for 9"
(A dimension). The nonconformance was discovered on July 5 at the job site.

1. Team Members

2. Problem Description (Definition)

3. Containment Action(s):

5. Interim Corrective Action(s):

6. Permanent Corrective Action(s):

7. Actions to Prevent Recurrence:

8. Closed by Initiator:
Signature:

Implementation Date:

Implementation Date:

Implementation Date:

Verification Date:

Verified By:

July 10
Verified By:

Verified By:

M. MINK

July 12
Verified By:

M. MINK

July 12
Verified By:

Completion Date:

Date Closed:

4. Root Cause(s):

Replacement assemblies were manufactured and shipped on July 10

M. MINK

FIGURE 14.9  Real Tools for Real Life: Order Document

Rebar
Cut Length

Rebar
Size

No. 4 A – 2

A – 2 1⁄4

A – 2 3 ⁄ 8

A – 2 3 ⁄4

A – 3 3 ⁄ 8

A – 4

A – 4 5 ⁄ 8

A – 5 1⁄ 8

No. 5

No. 6

No. 7

No. 8

No. 9

No. 10

No. 11

Rebar Cut Length

L

(Hold Length)

(shear tip to shear tip)

A

DOUBLE ENDED SETTING BARS

q➛
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The adequacy of the instructions and warnings, as well as 
the environment where the product is used, also plays a 
role. Courts have expanded their view of warranties and 
no longer look solely at the character of the product; they 
now also consider the consumer and public interest factors.

A court judges whether a product or service is unrea-
sonably dangerous by considering several factors. Would a 
reasonable company market the product or service if they 
knew of this defect? Products and services are also judged 
on the basis of consumer expectations. Is the product or 
service more dangerous than a consumer could contem-
plate? Given the public’s ordinary knowledge of the prod-
uct, is the danger open and obvious? This approach raises 
the issue of who is a reasonable consumer with ordinary 
knowledge of the product or service. Can a four-year-old 
who uses a swimming pool understand its dangers? Can 
an average adult understand the consequences of using 
chemicals in the yard? Risk of injury versus the utility of 
the product is also judged. When an inherently dangerous 
product, such as a knife, is judged, its usefulness to society 
is considered.

The Expert Witness
Both defendants and plaintiffs may choose to support 
their arguments with the testimony of expert witnesses. 
Expert witnesses are chosen to inform the court about 
aspects of the accident, injury, product, or service. They 
must be technically competent in their field as evidenced 
by their degrees, years of experience, and professional 
activities. The behavior and credentials of an expert wit-
ness must be above reproach. Good expert witnesses are 
able to communicate in common language with the judge 
and the jury.

FUTURE cONSidERaTiONS
Many different interest groups have concerns about the 
product liability situation in the future. The following are 
some suggested areas for further investigation:

 j Enact a statute of limitations for filing liability claims.
 j Provide a release from liability for the original manu-

facturer if the item is modified or the safety devices 
have been removed or altered.

 j Judge products according to state of the art at the time 
of manufacture or provision of service.

 j Create a standard code of awards.
 j Reduce or eliminate punitive damages.
 j Regulate attorney’s fees.
 j Institute comparative negligence judgments.
 j Establish standards describing types of behavior that 

are grounds for punitive damages.
 j Establish enhanced procedures for including scientific 

evidence of causes of injuries.
 j Create nationwide standards for awards and litigation 

procedures.

PROdUcT LiabiLiTy SUiTS

The Plaintiff’s Actions
The plaintiff, the injured party, may file a lawsuit that 
alleges that the provider of a product or service is guilty of 
breach of warranty and negligence as well as being strictly 
liable. Plaintiffs are required to show that the product was 
defective or unreasonably dangerous, that the defect was 
the proximate cause of harm, and that the defect was in 
the product when it left the manufacturer. In strict liability 
cases, plaintiffs do not need to prove manufacturer’s negli-
gence. In strict liability cases, it does not matter if the injured 
party acted in a careless and unreasonable manner (con-
tributory negligence). Strict liability focuses on the product. 
The behavior of the manufacturer and the reasonableness in 
which it acted is not a factor. A plaintiff who chooses to sue 
under warranty law needs to prove that the product was not 
fit for the purposes for which it was advertised.

The Defendant’s Actions
In a product liability suit, the defendant must establish 
that the product or service provided is not defective or 
unreasonably dangerous. The defendant must prove that 
no defect existed in the product at the time of manufacture 
or when the service was provided. It is also important that 
the defendant show that the product or service was not the 
actual cause of the accident or injury. The defendant may 
do this by showing that the plaintiff exhibited bad judg-
ment, improperly used the product, conducted improper 
maintenance, or changed the product after its manufacture. 
In essence, the manufacturer of a product or provider of 
a service must prove that they were and continue to be a 
company concerned about the products and services they 
provide. The defendants will need to provide documented 
evidence verifying that they took every reasonable step 
possible to ensure a safe and reliable product or service 
by complying with all relative specifications, codes, and 
standards.

The Court’s Actions
When deciding a product liability case, the court examines 
the product or service as well as its defective aspects. It con-
siders the usefulness and desirability of the product to the 
public as a whole. The availability of other suitable, safer 
substitutes for the product is also investigated. While mak-
ing this comparison, the court determines if the manufac-
turer could have eliminated the unsafe nature of the product 
without impairing its usefulness or making it too expensive 
to maintain its utility. The safety of the product is exam-
ined to determine the likelihood that it will cause injury 
and the probable seriousness of that injury. Some products 
or services are inherently dangerous (for example, knives 
and swimming pools), so the court expects that the public 
had some common knowledge of the product’s dangerous 
aspects. The court also questions the probability of an injury 
occurring, given reasonable care on the part of the user. 
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466 CHAPTER FOURTEEN

8. Product liability exposure can be reduced through 
thoughtful design and development of products or 
services. Designers should design to remove unsafe 
aspects, guard against unsafe use, provide product 
warnings, design to standards, and advertise and mar-
ket the product or service appropriately.

9. A program to reduce the risks associated with prod-
uct liability must embrace design, marketing, manu-
facturing, service provision, packaging, shipping, and 
service.

cHaPTER PRObLEMS 

PROdUCT LiAbiLiTy

1. Product liability concerns change the way a company 
does business. Consider the company you work for 
or have worked for in the past. What kind of product 
liability issues do they face?

2. Define negligence.
3. Describe strict liability.
4. Describe contributory negligence.
5. What is the role of the defendant in a strict liability 

case?
6. What is the role of the plaintiff in a strict liability case?
7. Describe the role of an expert witness during a product 

liability court case.
8. When deciding a product liability case, what factors 

does the court consider?
9. Discuss the types of changes that may be seen in future 

product liability laws. Why are these changes neces-
sary? What abuses of the system might they prevent?

10. Investigate recent developments in product liability. 
Are there any changes or additions to the laws? Have 
the judges or juries adjusted their verdicts by tak-
ing into account contributory negligence? Have any 
statutes of limitations been enacted? If yes, for what 
products?

PROdUCT LiAbiLiTy SUiTS
Investigate each product liability case in Problems 11–15. 
Answer the following questions.

 j What event or series of events occurred to cause 
the need for a product liability suit?

 j Who are the plaintiffs?
 j What are they seeking?
 j What motivated them to file a product liability 

suit?
 j What is their point of view or defense?
 j What was the verdict?
 j Were there punitive damages?
 j Was the case appealed?

 j Accept compliance with government standards as a 
valid defense in lawsuits and a guarantee against puni-
tive damages.

 j Assess the legal fees of a successful defendant against 
the plaintiff.

SUMMaRy 

Regardless of how the consumer uses the product, respon-
sibility for the product or service goes beyond the pro-
vider’s doors. Immediate responsiveness to unsatisfactory 
quality through product service or replacement can do a 
great deal to lessen the chance of a product liability suit. 
Companies should institute a product liability loss control 
program that involves designing and providing a high-
quality product or service rather than simply responding as 
necessary to periodic crises. An inherent, built-in approach 
to product safety will reduce product liability risks. An 
old saying stresses the importance of taking care of the lit-
tle things: For want of a nail, the shoe was lost; for want 
of a shoe, the horse was lost; for want of the horse, the 
goods were lost. Companies need to recognize that product 
liability problems can occasionally be traced to routine and 
relatively minor decisions made daily in nearly all areas of 
a company’s operation and at all levels of responsibility. 
Just as with the nail and the horseshoe, the size and source 
of the error may have little relationship to the magnitude 
of potential loss. From this perspective, a simple decision 
made during the manufacturing of a product may be the 
cause of a product liability suit. Strong total quality assur-
ance and loss prevention programs can prevent product 
liability problems from occurring.

q➛  LESSONS LEaRNEd 

1. Civil suits seek money damages for injuries to either a 
person or property or both. They involve two parties—
the plaintiff, the injured party, and the defendant, the 
person or company against whom the suit is filed.

2. When a product or service has been provided in a care-
less or unreasonable manner, negligence occurs.

3. If a manufacturer makes and sells a defective product 
or provides a defective service, they can be held strictly 
liable if the defect renders the product or service unrea-
sonably dangerous and the defect causes an injury.

4. Under contributory negligence, the plaintiff is found to 
have acted in such a way as to contribute to the injury.

5. An expressed warranty can be either written or oral, 
and it is part of the conditions of sale.

6. An implied warranty is implied by law.
7. An expert witness informs the court about the techni-

cal aspects of the accident, injury, or product.
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15. Philip Morris (tobacco products) and Owens  Corning 
(Asbestos) are two of the largest product liability cases 
ever brought to the courts. Chose one to investigate 
and discuss your findings based on the questions 
above.

16. Takata, a second tier supplier to the automotive indus-
try, acknowledged in July 2015 that its air bag infla-
tors could explode when activated, shooting sharp 
metal fragments at the occupants of the vehicle. Inves-
tigate and discuss the ramifications of their product 
recall of nearly 40 million vehicles.

17. Investigate the issues surrounding the failure of Fire-
stone tires on Ford vehicles. What was the outcome of 
this product liability problem? What effects did this 
situation have on Firestone’s income statement? On 
Ford’s income statement?

18. In 2015, Volkswagen admitted to cheating on emis-
sions tests in the United States , prompting both recall 
and product liability claims. Investigate and discuss 
the issues surrounding this event as they relate to this 
chapter.

19. Investigate the issues surrounding the failure of Vioxx 
or Fen-Phen diet pills or Baycol or Rezulin. What was 
the outcome of this product liability problem? What 
effects did this situation have on the organization’s 
income statement?

20. Discuss the implications of the following statement 
from the Joint Economic Committee: The product lia-
bility system is a $150 billion burden annually on the 
nation’s economy, raising consumer prices, undercut-
ting innovation, and depleting corporate resources that 
would be better spent on capital improvement, worker 
training, and research and development.

 j Did the judge change the amount of the award?
 j Who were the expert witnesses involved?
 j What kind of loss control program would have 

helped the defendant?
 j How could quality assurance have been involved?

11. A young couple in their twenties driving an on/off-
road vehicle picked up two friends to go out for a 
drive. The young man went to a local off-road course. 
There he proceeded to drive down a very steep hill, 
even though course safety rules indicated that this 
hill was an “uphill drive only.” For some reason, per-
haps braking, the vehicle went down end over end, 
crashing upside down. Three of the people were killed 
instantly—two when the roll bar snapped forward, 
crushing them. The third individual died from head 
trauma. The fourth individual, a young woman, was 
paralyzed, having apparently been struck by the back 
of the vehicle.

12. After being injured in an accident in her 1991 Toyota 
Tercel, the plaintiff filed suit against Toyota Motor 
Sales U.S.A. alleging that the Tercel was poorly 
designed and defective because it did not have an air-
bag. Toyota said that the belt-restraint system pro-
vided in the Tercel met the 1966 National Traffic and 
Motor Vehicle Safety Act. This act, applicable to the 
1991 model, does not require airbags.

13. In 1994 an elderly woman burned herself when she 
spilled the hot coffee she had just purchased at a 
McDonald’s drive-through window.

14. Automobile manufacturers have faced their share of 
product recalls and product liability suits. Choose and 
investigate one using the above questions as a guide.
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After preliminary investigations into the three areas, 
attention begins to focus on the computation system of 
the autopilot. A manufacturer of a signaling component 
in the system has noted high response times in the sen-
sor switches. Although the response times were high, the 
switches were within specification, and the manufacturing 
engineer had signed off on the product as acceptable to use. 
The switches were inserted into subassemblies and conse-
quently into the autopilots. Several of these autopilots were 
later installed on XYZ planes.

Now that an investigation has pinpointed the switches 
as a potential problem source, the quality assurance 
records for the switches are scrutinized. It is determined 
that while the parts were within response-time specifi-
cations, the times were close to the upper specification 
limit (Figure C14.1.1). Process capability calculations 
(Cp, Cpk) reveal that the process is capable but not cen-
tered. Causes for this are investigated and a Pareto chart 
is created  (Figure C14.1.2). Selecting the most frequently 
occurring problems to study, a production-line team has 
suggested improvements that have been incorporated into 
the process.

Although the switch could not be pinpointed as the total 
cause of the problem, the supplier decided to install new 
switches on the existing autopilots. Retrofitting is very 
costly: The company will have to supply the new switch 
and send out trained technicians, engineers, and market-
ing people all over the world to aircraft service centers to 
replace the switch. One hundred percent inspection is insti-
tuted on the parts. Reliability tests are run. During these 
tests, parts are put through 2,000 cycles under electrical 
and mechanical load to detect infant mortality.

When deciding upon a course of action, the costs of 
retrofitting, inspecting, and reliability testing are weighed 
against the costs of lawsuits and catastrophic-loss suits. 
Management feels that product liability suits will inevi-
tably damage the reputation and future of the company, 
greatly outweighing the cost of retrofitting.

The engineers who had signed off on the original 
switches are now instructed in the importance of deter-
mining the causes of deviations and the potential conse-
quences of such deviations before signing off on a change. 
The engineers were unaware that quality and reliability 

q➛  caSE STUdy 14.1 

Product Liability: Aircraft*

XYZ Aircraft Co. prides itself on its total quality assur-
ance efforts and excellent safety record. It has instituted 
preventive maintenance and training programs as part 
of its efforts to comply with and exceed Federal Aviation 
Administration (FAA) requirements.

As part of its pilot training program, XYZ Aircraft has 
been instructing its pilots on the use of autopilots. The 
training has taught the pilots to check the autopilot for 
malfunctions and the proper way to handle in-flight mal-
functions. Although XYZ had not had an in-flight incident, 
during training and subsequent preventive maintenance 
checks the company realized that uncommanded actions 
might occur when the plane was on autopilot. Since this 
discovery, XYZ has been working with the autopilot sup-
pliers to develop corrective actions.

XYZ Aircraft is sincerely interested in the safety of 
its passengers and crew. This interest is the driving force 
behind its total quality assurance efforts. XYZ Aircraft is 
also very aware that from a product liability point of view, 
it could be held strictly liable for any incident involving its 
planes. In a strict liability case, it could be found to have 
committed a fault if its service (air transportation) is con-
sidered defective, if its aircraft had a defect that caused it to 
be unreasonably dangerous and the defect was the reason 
for an injury. XYZ would be strictly liable even if it were 
not negligent. For this reason, the company is diligently 
attempting to correct the autopilot anomalies.

Most of XYZ’s aircraft are equipped with the same model 
autopilot. This facilitates training and ensures that pilots fly-
ing different planes from day to day are familiar with the 
operation of the autopilot. Nearly all autopilot systems work 
in the same fashion. The autopilot receives an instruction 
from the pilot, senses the present aircraft situation, deter-
mines the adjustments to make to align the pilot’s instruc-
tions with the aircraft’s attitude, and moves the controls 
accordingly. Essentially there are three areas that could mal-
function: the sensing mechanisms that monitor the plane’s 
position, the computation system that calculates the differ-
ence between the command and the aircraft position, and the 
control area that moves the aircraft controls into the appro-
priate position. Each of these areas has been investigated.

To avoid incurring product liability costs, XYZ Aircraft 
is prepared to study the design and manufacture of the 
autopilots and use quality assurance information to isolate 
the potential cause of the problems. The most immediate 
step during the process is to effectively warn XYZ pilots 
of the incidents of uncommanded movements and errors 
being made by autopilots. XYZ also continues to train 
pilots on recognizing and handling in-flight malfunctions.

* This case is fictitious and is not meant to resemble any particular 
company or incident.

FIGURE C14.1.1  Histogram of Response 
Times

USLLSL

Spread of
individuals

Spread of
averages

Response time
measurements
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issues were of significant importance in decisions related to 
the creation of a part or provision of a service. They were 
also unaware that any paper they sign their names to can 
become evidence in a liability suit. Therefore care must be 
taken to determine the causes of the deviations and their 
consequences.

For instance, if a manufacturing engineer advised by an 
operator that an assembly tool is not functioning properly 
has the tool fixed and then signs off on the tool as OK 
to use, that engineer can be held responsible if the tool 
produces parts that are used in an assembly that proves 
to have a quality problem. On items that may be discrep-
ant but are found to be acceptable, engineers should be 
sure to look into the issue before signing off. What is the 
discrepancy? What are the consequences? If a problem is 
encountered and an investigation ensues, the engineer’s 
name will be on the documentation and the engineer will 
be ultimately responsible.

Product liability issues can be reduced when proper 
attention is paid to the details of creating a product or 
providing a service.

q➛  aSSiGNMENT

1. Why would XYZ Aircraft be held strictly liable if an 
autopilot malfunctioned during flight?

2. What activities would constitute negligent behavior 
on the part of XYZ Aircraft?

3. How did this particular company use quality assur-
ance data to help avoid a product liability problem?

4. What type of questions should an engineer ask before 
signing off on a product change or deviation?

caSE STUdy bibLiOGRaPHy

“NTSB Recommends FAA Action on Faulty Autopilots.” 
Avionics, December 1993, p. 46.

G. Picou. “What Autopilots Go Nuts.” IFR, September 
1994, pp. 16–19, 26.

FIGURE C14.1.2  Pareto Chart of Causes of Increased 
Response Times
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q➛  caSE STUdy 14.2 

Product Liability: Tires

In the late 1990s one product liability case stands out. By 
producing one out of every 4,149 tires defectively, Fire-
stone set the stage for disaster. Tread separation caused 
the deaths of nearly 200 people, caused the recall of 
almost 20 million tires, and cost Ford Motor Company 
approximately three billion dollars. As the headlines in 
Figure C14.2.1 show, product failure and the accompa-
nying product liability issues can be enormously costly. 
The costs go beyond recalling and replacing products 
or the costs of settling lawsuits. The pressures of deter-
mining a root cause for the problem and a resolution 

for the product liability issues may create a myriad of 
unforeseen challenges for the companies involved. Prod-
uct failures significantly impact sales and public trust. 
If the issues aren’t resolved, the resulting slow sales will 
cause layoffs and plant closings. When several compa-
nies are involved, long-standing relationships between 
sellers and buyers may be severed. In some cases, the 
government may find it necessary to become involved. 
As this case shows, the ramifications of product failures 
are enormous.

Though it actually began much earlier, by late July 
2000, the world was aware that something was signifi-
cantly wrong with the design and use of Firestone tires.1,2

1997
Firestone begins to receive numerous complaints and 
warranty claims about tread separation in the United 
States.

Firestone Plans Sweeping Recall of 6.5 Million Tires
Sears Stops Selling Tires Involved in Probe

Firestone Warns of Nationwide Tire Shortage
Role of Ford Explorer Design Is Studied in Connection with Firestone Tire Suits

Recalled Tires Pose Disposal Problem
States Ponder Lawsuits Over Firestone Tire Recall

Congress Grills Ford, Firestone, NHTSA
Poll: Trust in Tires Falters

Deaths Continue During Firestone Recall
Deaths Linked to Tires Now at 103
Firestone’s Ono May Be Replaced

Firestone Lays off 450 at Illinois Plant
New CEO Cleans House at Firestone

Tire Recall Cited as Explorer Sales Fall 16% in October
Sales of Firestone Brand Tires Plummet

Ford Says Last Year’s Quality Snafus Took Big Toll—Over $1 Billion in Profit
Tire Recall Hits the Bottom Line of Japan’s Bridgestone: Net Income Fell 80% in 2000

Ford Explorer Rollover Suits Total $590 Million
Firestone Sales of Tires Drop So Far in 2001

Firestone Quits as Tire Supplier to Ford
Ford Bites $3B Bullet to Replace 13M More Tires

Firestone Seeks Safety Probe of Ford SUVs
Firestone Plans to Close Troubled Decatur Factory

FIGURE C14.2.1  
Donna C. Summers, Quality,6e, © 2018, Pearson Education, Inc., New York, NY

1 “Documents Imply Firestone Knew of Tire Trouble in 94,” USA 
Today, October 4, 2000.
2 “Drivers Complained of Tread Problems Years Before Recall,” USA 
Today, November 15, 2000.
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At this time, they also begin paying off insurance 
claims on accidents involving tread separation.
1998
Ford brought to Firestone’s attention that the 
 Valencia, Venezuela, factory delivered defective 
tires to Ford’s SUVs.
1999
January, Firestone investigated tire separation and 
agreed to add a nylon layer to the tire to prevent 
separation.
Firestone begins to receive numerous complaints and 
warranty claims on tires in Saudi Arabia and other 
Middle Eastern countries.
Ford and Firestone believe that the tire problems are 
the result of poor maintenance and severe driving 
conditions, not a manufacturing defect.
2000
May, Ford begins to replace tires in South America 
on its Ford Explorers due to tread separation.
May, the National Highway and Traffic Safety 
Administration (NHTSA) begins a formal investiga-
tion of the Firestone tread separation.
July, Ford begins its own investigation into the 
causes of tire failure.
August, investigations by Ford and Firestone have 
pinpointed three tire types made at one facility as the 
chief source of failed tires.
August 9, Firestone recalled 6.5 million tires. The 
recall includes the ATX, ATX II, and Wilderness AT 
tires fabricated at the Decatur, Illinois, plant. The 
recall was for tires made between 1995 and 1997.
August, all tire manufacturers boost production to 
meet demand for new tires.
August, congressional hearings take place and con-
tinue into September.
August, role of Ford Explorer design questioned in 
rollovers.
October, Firestone President Ono resigns; Lampe 
named as successor. Lampe plans reorganization.
October, Ford and Firestone begin to sever 
relationship.
October, Firestone lays off 450 at Decatur plant.
November, Firestone continues layoffs as recall 
affects other tire sales, resulting in lower production 
rates.
December, NHTSA reports fatalities involved in 
tread separation as 148, including 40 overseas.

2001
January, a trial against Firestone and Ford involving 
a paralyzed woman begins in Texas.
January, Firestone recalls 8,000 GM SUV tires.
January, the president and CEO of Bridgestone (the 
parent company of Firestone) resigns.
February, a trial against Firestone and Ford involving 
a wrongful death begins in Cook County, Illinois.
February, Ford and Firestone report huge losses for 
2000 due to tire problems.
February, the total count of fatalities caused by tread 
separation reaches 174 according to the NHTSA 
(Wall Street Journal, February 7, 2001).
February, Firestone plans to recall the P205/55R16 
tire.
May, Firestone and Ford no longer have a supplier 
relationship.
May, Ford decides to replace all Firestone tires on all 
Ford vehicles regardless of type of tire or vehicle, even 
though no problems have been found with other tires.
June, Firestone makes plans to close Decatur, Illinois, 
plant.
July, the NHTSA seeks to broaden recall of Firestone 
tires.
July, product liability suits are consolidated into a 
class action suit.
August, Firestone and Ford prepare for product 
liability suits.
August, Firestone and Ford have their stocks down-
graded on Wall Street.

The reason this particular failure has received so much 
attention is because of the consequences that tread separa-
tion has on vehicle performance. For this particular situ-
ation, tread separation usually occurs when one or all of 
the following are true: The vehicle is traveling at a high 
rate of speed, the ambient temperature is high, the vehi-
cle is fully loaded, and the tire is underinflated. There are 
essentially five stages to a rollover. During the first stage, 
the tire begins to fail, causing a vibration in the vehicle 
that the driver may attribute to a rough road. At some 
point the vibration becomes so intense that it is as if the 
tire has come loose or gone flat. Unfortunately, even if the 
driver stops and examines the tire, from the outside, the 
tire will appear fine. The second stage is the actual tread 
separation. The driver may hear a loud sound like a bang-
ing or thumping as the tread peels away from the tire. At 
the third stage, the wheel slows as the remnants of the tire 
are unable to support the vehicle. At this point, vehicle 
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factors played a role in tire failure, including tire pressure, 
Explorer design, and tire design.

Manufacturing Issues. During the 1995–1997 time 
period, working conditions in the plant were not 
optimal. Workers often worked 12-hour shifts 
under strong incentives to increase production. 
A strike during this time also contributed to the 
problems; replacement workers were not properly  
trained.10,11,12,13,14

Tire Pressure Concerns. Tire pressure has been cited as 
a potential cause of tire failure. Ford recommended 
a tire pressure of 26 psi compared to Firestone’s 
30 psi. Ford chose the lower psi to give customers a 
smoother ride. Tire pressure is considered a crucial 
factor in vehicle handling safety to prevent loss of 
control, rollover, and serious injury.15,16,17

Explorer Design Factor. The design of the Ford 
Explorer is also considered a factor in tire failure. 
The design of the chassis and the weight placed on 
the right rear tire affect the performance of that 
tire. Investigation revealed that the tires in question 
were never tested on a Ford Explorer, only on an 
F-150 pickup truck in 1989 when the decision was 
made that the tires would be standard equipment 
on Explorer models. The reason for this switch was 
that the original Explorer engine was not powerful 
enough to maintain the extended test speeds of 90 
to 100 mph. Ford claims that the F-150 was rigid 
enough that the load on the tires was equal to an  
Explorer.18,19,20,21,22, 23,24

Tire Design Questions. The design of the tires remains 
controversial. Nylon caps may have prevented the 
failure. A nylon cap is a layer of nylon fabric that is 

handling is severely compromised. Since the vehicle is dif-
ficult to steer, at the fourth stage, the driver must struggle 
to maintain vehicle control. In some cases, the fifth stage, 
rollover, does not occur if the driver is able to bring the 
vehicle to a full stop without losing control.3,4

PRObLEM iSOLATiON
Ford and Firestone used quality assurance problem-solving 
techniques to isolate the potential root causes of the tire 
failure. Using Pareto charts, Ford investigated any Fire-
stone tires that received more than 30 warranty claims. It 
found that the 235/75R-15 accounted for an overwhelm-
ingly significant number of claims. Of the 2,504 customer 
complaints reviewed at the time the investigation first took 
place, 81 percent involved the P235/75R-15 tires. This size 
includes the ATX, ATX II, and Wilderness AT.

At this point, the investigation centered on the 235/75R-
15 tires. Since this tire size involved five different tires, 
they created another Pareto chart showing what type and 
how many of each type of failures were recorded for each 
type of tire.

By using manufacturing records and tire numbers, the 
source of the failed tires was traced to the Decatur plant. 
The highest number of claims were made in reference to the 
Decatur tires produced from 1994 to 1997. The Wilderness 
AT tire failures from factories other than the  Decatur plant 
were insignificant.5,6,7,8,9

Although as yet no definitive conclusion has been 
made, the investigation has revealed that a variety of 
events that occurred at the plant between 1995 and 1997 
may have contributed to manufacturing problems. Other 

3 “SUV Drivers Can Reduce Rollovers,” USA Today, September 26, 2000.
4 “Minimize Your Chances of Crashing,” USA Today, August 22, 2000.
5 “How the Tire Problem Turned into a Crisis for Firestone and Ford,” 
Wall Street Journal, August 10, 2000.
6 “Ford Steps Up Recall Without Firestone,” Wall Street Journal, 
August 14, 2000.
7 “Quality Auditor OK’s Decatur Tire Plant,” USA Today, September 8, 
2000.
8 “Lab Performs Tiresome Task,” Automotive News, October 23, 2000.
9 “Ford Grows Annoyed with How Firestone Handles Tire Recall,” 
Wall Street Journal, August 14, 2000.
10 “Tire Dilemma Puts Focus on Process of Manufacturing,” Wall Street 
Journal, August 8, 2000.
11 “Data Point to Firestone Tires Made at Illinois Factory,” USA 
Today, August 14, 2000.
12 “Labor Union Unrest Adds to Bridgestone/Firestone’s Problems,” 
Automotive News, September 4, 2000.
13 “Firestone Admits Manufacturing Problems But Also Scrutinizes Tire 
Inflation Levels,” Wall Street Journal, December 20, 2000.
14 “In Firestone Tire Study, Expert Finds Vehicle Weight Was Key Fac-
tor in Failure,” Wall Street Journal, February 5, 2001.

15 “Survey: Most Tires Inflated Wrong,” USA Today, September 20, 
2000.
16 “Firestone Breaks With Ford Over Tire Pressure,” Wall Street 
 Journal, September 22, 2000.
17 “Firestone Admits Manufacturing Problems But Also Scrutinizes 
Tire-Inflation Levels,” Wall Street Journal, December 20, 2000.
18 “Role of Ford Explorer Design Is Studied in Connection with Fire-
stone Tire Suit,” Wall Street Journal, August 20, 2000.
19 “Is Explorer Part of the Problem?” USA Today, September 12,  
2000.
20 “Ford Investigators Focus on the Left Rear Tire,” September 19, 
2000.
21 “Further Scrutiny Puts Ford in the Hot Seat,” USA Today, 
 September 21, 2000.
22 “Focus Shifts to Ford,” Newsweek, October 9, 2000.
23 “Firestone Finds More Problems in One Line and Left Rear Tire,” 
Wall Street Journal, November 7, 2000.
24 “Firestone Seeks Safety Probe of Ford SUV’s,” Wall Street Journal, 
June 1, 2001.
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2. What are the costs incurred by Bridgestone/Firestone 
and Ford? What future costs can Ford or Firestone 
expect to incur?

3. What kind of loss control program would have helped 
the defendants? How should quality assurance be 
involved?

4. Discuss the concepts of negligence, strict liability, and 
contributory negligence as they relate to this case. 
Which concept(s) is (are) most applicable to this case?

5. Discuss the role of the plaintiffs in this case.
a. Who are the plaintiffs?
b. What motivated them to file a product liability suit?
c. What will be their strategy during the prosecution 

of this case?
d. What will they have to prove?

6. Discuss the role of the defendants in this case.
a. Who are the defendants?
b. Why are they defendants?
c. What will be their defense strategy during the 

 prosecution of this case?
d. What will they have to prove?

7. Discuss the role of the courts in this case.
a. What will be the role of the courts in this case?
b. What will they (the judge and jury) need to know?
c. What should they base their decision on?

8. Act as an expert witness. Locate and summarize sta-
tistical information on tires, tire failure, tire inflation, 
and chassis type that you would need to be able to 
discuss.

9. What can be learned from the Bridgestone/Firestone 
and Ford product liability case? The information in 
this case is current to July 14, 2004. Since that time, 
further developments have occurred in this ongoing 
product liability case. Information for this case has 
come from a wide variety of sources including Ford’s 
and Firestone’s websites, as well as hundreds of articles 
from the Wall Street Journal, USA Today, The Detroit 
Free Press, Time, Newsweek, Time, and Automotive 
News.

25 “Could $1 Worth of Nylon Have Saved People’s Lives?” USA Today, 
August 9, 2000.
26 “Nylon Caps May Have Saved Firestone Its Recall,” Wall Street 
Journal, August 28, 2000.
27 “Ford, Firestone Say Adhesive Is Linked to Bad Tires,” USA Today, 
December 11, 2000.

inserted between the steel belts and the thick outer 
layer of rubber tread. The nylon cap acts to hold 
the tire together and in shape. The adhesive used to 
bond the layers is also considered a factor in tread 
separation.25–28

Contributory Negligence. Though motorists rank tires 
as the second-most important safety feature after 
brakes on their vehicles, only 14 percent of drivers 
properly check their tire inflation pressure on a regu-
lar basis. Sixty-eight percent of drivers surveyed by 
the AAA don’t even know where to find informa-
tion about the proper tire inflation pressure for their 
 vehicle. Forty-five percent of drivers wrongly believe 
that a fully loaded vehicle is better off if its tires are 
a bit underinflated. Tires lose one pound per square 
inch of inflation pressure for every 10-degree tem-
perature drop. Tire pressure can also decrease sud-
denly if the tires run over a pothole or curb. This 
all adds up to one-fourth of the passenger cars on 
the road having at least one significantly underin-
flated tire. Low pressure increases tire heat and low-
ers the weight carrying capacity that a vehicle can 
carry. Underinflated tires are prone to overheating 
and overheating is considered one of the contributing 
factors of tread separation related to the crashes.29

Websites

www.tiresafety.com
www.theautochannel.com
www.Goodyear.com
www.Firestone.com
www.TheWallStreetJournal.com
www.FordMotorCo.com

q➛  aSSiGNMENT

Research the events surrounding the Firestone and Ford 
product liability case. Answer the following questions:

1. Describe the series of events leading up to the product 
liability suit.
a. How was the problem discovered?
b. How was the tire selected for recall?
c. Why is Ford involved?

28 “Cost Hinders Wider Use of Nylon to Make Steel-Belted Tires Safer,” 
Wall Street Journal, December 20, 2000.
29 “Regulators Push For Smarter Tires,” Wall Street Journal, July 14, 
2004.

M14_SUMM3273_06_SE_C14.indd   473 10/28/16   12:09 PM

http://www.FordMotorCo.com
http://www.TheWallStreetJournal.com
http://www.Firestone.com
http://www.Goodyear.com
http://www.theautochannel.com
http://www.tiresafety.com


This page intentionally left blank

M01B_SUMM3273_06_SE_C01.indd   20 09/02/2017   16:19



475

C h a p t e r
F I F T E E N

MAJOR TOPICS
 j Benchmarking
 j Auditing
 j Summary
 j Lessons Learned
 j Chapter Problems
 j Case Study 15.1 Benchmarking
 j Case Study 15.2 Auditing

BENchmarkINg aNd audITINg

Companies have always compared their products and 
services with those of their competitors. Sometimes 
this comparison is done formally, sometimes infor-
mally. Benchmarking and auditing allow a company to 
judge itself against standards or competitors. Properly 
conducted, benchmarking against external standards 
or companies or auditing internal performance can 
provide a wealth of information about a company’s 
competitive position.

q➛  L E A R N I N G  O P P O R T U N I T I E S

1. To understand the concepts of benchmarking and 
auditing

2. To understand the basics of performing a benchmark 
assessment

3. To understand the basics of conducting an audit

“How are We Doing?”
Sergey Nivens/Shutterstock
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Purpose of Benchmarking
Effective organizations use benchmarking to compare 
their key measures of performance with those of others in 
order to determine where improvement opportunities exist. 
Companies planning a benchmarking assessment should 
carefully consider the motivating factors. Specifically, why 
is the company planning to do this, and what do they hope 
to learn? Benchmarking measures an organization against 
recognized standards or the best-performing companies 
in the industry. Those beginning a benchmarking assess-
ment program should have plans in place to use the infor-
mation generated by the comparison. Benchmarking will 
provide targets for improved performance. A major pitfall 
of benchmarking is the failure to use the results of bench-
marking to support a larger improvement strategy.

The reasons for benchmarking are many and varied. 
A company may embark on a benchmarking assessment 
to determine if they are able to comply with performance 
standards set by their customers. Benchmarking will point 
out areas where improvements are needed before seek-
ing certification. Benchmarking against standards verifies 
whether a company meets the certification standards and 
qualifications set by a customer. On a larger scale, bench-
marking can be used to determine if a company’s quality 
systems are able to meet the requirements appropriate to 
meet ISO 9000 or quality award standards. Benchmark-
ing answers such questions as: Are the company’s pro-
cesses properly constructed and documented? Are systems 
in place to allocate resources and funding appropriately? 
Which areas have the greatest improvement needs? What 
are our internal and external customer needs? The infor-
mation gathered in the assessment should guide continuous 
improvement objectives, plans, and projects.

Benefits of Benchmarking
The primary benefit of benchmarking is the knowledge 
gained about where a company stands when compared 
against standards set by their customers, themselves, or 
national certification or award requirements. With this 
knowledge, a company can develop strategies for meeting 
their own continuous improvement goals. The benchmark-
ing experience will identify assets within the company as 
well as opportunities for improvement. Most quality assur-
ance certifications involve discovering how the company is 
currently performing, strengthening the weaknesses, and 
then verifying compliance with the certification standards. 
Since a benchmarking assessment provides an understand-
ing of how the company is performing, it is a valuable tool 
to use throughout the certification process.

Standards for Comparison
Typically, when a company chooses to perform a bench-
marking assessment, one of the following is chosen for com-
parison: the Malcolm Baldrige National Quality Award, 
the International Organization for Standardization’s ISO 

BENchmarkINg
During a benchmarking process, a company compares its 
performance against a set of standards or against the per-
formance of best-in-its-class companies. With the informa-
tion provided by the comparison, a company can determine 
how to improve its own performance. Benchmarks serve as 
reference points. The measurements and information gath-
ered are used to make conclusions about current perfor-
mance and any necessary improvements. Companies may 
choose different aspects of their operations to benchmark. 
Typical areas to benchmark include procedures, opera-
tions, processes, quality improvement efforts, and market-
ing and operational strategies.

Benchmarking can be done at several levels of com-
plexity. Some companies choose to conduct a benchmark-
ing assessment at the perception level. From a perception 
benchmark assessment, a company hopes to learn how 
they are currently performing. A perception assessment 
can focus on internal issues, seeking to answer questions 
related to what the people within the company think about 
themselves, the management, the company, or the quality 
improvement process. Such an assessment reveals informa-
tion about the company’s current performance levels. This 
assessment may later serve as a baseline to compare with 
future benchmarking experiences.

Companies beginning the quest for ISO 9000 certifi-
cation, qualified supplier certification, or a quality award 
may choose to perform a compliance benchmark assess-
ment. This more in-depth benchmarking experience veri-
fies a company’s compliance with stated requirements and 
standards. The information gathered will answer questions 
about how a company is currently performing against the 
published standards. This assessment will also help a com-
pany locate where compliance to standards is weak.

A third type of benchmarking assessment investigates 
the effectiveness of a system a company has designed and 
implemented. An effectiveness benchmark assessment veri-
fies that a company complies with the requirements and 
has effective systems in place to ensure that the require-
ments are being fulfilled. Complying with requirements, 
such as having a quality manual, does not guarantee that 
systems are in place to ensure the effective use of such a 
manual.

A fourth type of benchmarking assessment deals with 
continuous improvement. A continuous improvement 
benchmark assessment verifies that continuous improve-
ment is an integral and permanent facet of an organization. 
It judges whether the company is providing lip service to 
process improvement issues or putting systems into place 
that support continual improvement on a day-to-day basis.

Perceptions, compliance, effectiveness, and continuous 
improvement can be verified through conducting a thor-
ough review of the existing business practices. This review 
should follow an organized format. Activities can be judged 
on the basis of visual observations by the reviewers, inter-
views with those directly involved, personal knowledge, 
and factual documentation.
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as TS 16949 and AS 9100, that a supplier must meet in 
order to maintain certified or preferred supplier status. 
A company wishing to remain a supplier must conform 
to the expectations set by their customers. These guide-
lines are often used to help companies assess where they 
currently stand against the requirements and determine 
where improvements need to be made. Once the improve-
ments are in place, the requirements serve as a benchmark 
against which company performance will be measured by 
the customer.

Best-in-Field Companies Comparing one’s performance 
against those companies judged best in their field can be 
a powerful tool for companies wishing to improve their 
position in the marketplace. By comparing their own per-
formance with that of the market leader, companies can 
better understand their own assets and capabilities as well 
as the areas needing improvement. It is important to realize 
that the companies to benchmark against are companies 
that perform well in the area under study; they may not 
necessarily be competitors. For instance, a corporation 
interested in benchmarking its packaging and shipping 
system may choose to gather information from an organi-
zation in an unrelated field that is known to possess an 
excellent system. Southwest Airlines benchmarked airplane 
turnaround time by comparing their work with the efforts 
of Indianapolis 500 racecar pit crews. The effectiveness 
of comparison company benchmarking is limited by the 
ability to obtain performance information from the com-
parison company.

How to Benchmark
A variety of plans and methods is available to aid inter-
ested companies in the benchmarking process. Certain 
steps and procedures will be part of every benchmarking 
experience. The following steps are usually facets of bench-
marking (Figure 15.1).

9000, the Deming Prize, supplier certification require-
ments, or other companies who are the best in their field.

Malcolm Baldrige National Quality Award (MBNQA) The 
Baldrige Award criteria are used by companies pursuing the 
United States’ highest award for quality management sys-
tems. The award criteria are also a popular and rigorous 
benchmarking tool for companies seeking a better under-
standing of their performance. Using the specific catego-
ries—leadership; strategic planning; customer and market 
focus; measurement, analysis, and knowledge management; 
workforce focus; process management; and results—com-
panies can discover their capabilities and areas for improve-
ment. The completeness and thoroughness of their coverage 
is a strong reason for using the criteria during benchmark-
ing. The MBNQA is covered in more detail in Chapter 3.

ISO 9000 Benchmarking assessments are often employed 
when a company is seeking ISO 9000 certification. The ISO 
9000 standard was developed to help companies effectively 
document the quality systems that need to be created and 
implemented to maintain an efficient total quality system. 
The standards cover areas like process management and 
quality assurance. The documentation serves as a guide 
during the benchmarking experience. Comparisons can be 
made between the company’s existing systems and those 
required or suggested by ISO 9000 standards. ISO 9000 is 
covered in more detail in Chapter 3.

Deming Prize The Deming Prize, its guidelines, and its 
criteria are overseen by the Deming Prize Committee of 
the Union of Japanese Scientists and Engineers. The award 
guidelines are rigorous and can be used to judge whether 
an organization has successfully achieved organization-
wide quality.

Supplier Certification Requirements Several larger man-
ufacturers have supplier certification requirements, such 

FIGURE 15.1  Flowchart of the Benchmarking Process

Repeat
cycle for new
level of performance

1. Determine
the
focus

2. Understand
your
organization

3. Determine
what to
measure

4. Determine
whom to
benchmark
against

6. Improve
performance 5. Benchmark
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areas within its own operations to compare against the 
standard in order to verify compliance.

5. Benchmark. The areas of the company that have 
been chosen for the benchmarking assessment should be 
notified prior to beginning the process. The authorization 
to proceed with the process should be obtained and notifi-
cation should come from the highest levels of the company 
to ensure cooperation. During the benchmarking process, 
investigators collect and analyze data pertaining to the 
measures established in Step 3. Performance measures and 
standards that are critical to the success of the company 
are used to study the company. Investigators are charged 
with the duty of verifying compliance to the performance 
measures and standards. The ability to perform to those 
measures and standards is judged. Compliance can be veri-
fied on the basis of interviews of those involved and direct 
observation of the processes.

6. Improve performance. Once the data and infor-
mation have been gathered, a report summarizing the sig-
nificant strengths and weaknesses of the area under study 
is created. In this report, the gap between the existing and 
the desired levels of performance is documented. A good 
report will focus on patterns of standards violations and 
elements missing from a strong system. The report should 
include recommendations for improving the processes. 
This report does not need to detail each of the observa-
tions made by the investigators. It should not be a list of 
all of the infractions seen.

In a successful benchmarking experience, the final 
report becomes a working document to aid the continu-
ous improvement process. The information gathered in this 
report is used to investigate root causes, solve them, reduce 
process variation, and establish systems to prevent the 
occurrence of nonconformities. The benchmarking docu-
ment is a powerful customer feedback tool and should be 
used accordingly.

audITINg
Audits are designed to appraise the activities, practices, 
records, or policies of an organization; they determine 
whether a company has the ability to meet or exceed a 
standard. A variety of circumstances can initiate an audit. 
Audit programs may be part of customer contract require-
ments, or government regulations may require an audit. 
Audits do not have to have an outside instigator; it is not 
unusual to see a company create internal auditing systems 
to verify its own performance. Internal and supplier audits 
allow a company the opportunity to verify conformance 
to specifications and procedures. Audits may also examine 
aspects of equipment, software, documentation, and proce-
dures. Whatever the reason, audits provide companies with 
information concerning their performance, the performance 
of their product or service, and areas for improvement.

Audits should be a positive experience used to improve 
the system. When deficiencies are uncovered, they should 

1. Determine the focus. At the beginning of a bench-
marking experience, those involved must determine what 
aspect of their company will be the focus of the study. The 
focus may be based on customer requirements, on stand-
ards, or on a general continuous improvement process. 
Information gathered during the benchmarking experience 
should support the organization’s overall mission, goals, 
and objectives. Be aware that benchmarking and gather-
ing information about processes is of greater value than 
focusing on metrics. The narrow focus on metrics can lead 
to stumbling on apples-and-oranges comparisons, whereas 
the focus on processes encourages improvement and adop-
tion of new methods. To be of greater value, benchmarking 
should be a tool used to support a larger strategic objective.

2. Understand your organization. Critical to any 
process is defining and understanding all aspects of a situ-
ation. Individuals involved in the process need to develop 
an understanding of the company. To create a plan and 
conduct the process, information concerning the external 
customers, internal customers, and their major inputs and 
outputs is vital to achieve an understanding of the system 
under study. Often this step receives less attention than 
it should. Since people working for the company are per-
forming the benchmarking assessment, the company is a 
known entity. Avoid the tendency to treat this step trivi-
ally. Use flowcharts to describe the processes involved. 
These will greatly enhance everyone’s understanding of 
the system to be studied during benchmarking.

3. Determine what to measure. Once an understand-
ing of the systems present in a company has been gained, 
it is time to determine the measures of performance. These 
measures will allow those conducting the benchmarking 
assessment to judge the performance of the company. This 
is the time to define what is truly critical for the company 
to remain competitive. These critical factors for success 
will be supported by standards for procedures, processes, 
and behaviors. Benchmarking will pinpoint questions to 
be answered and issues to be resolved, as well as processes 
and procedures to be improved. It is important to identify 
the questions pertinent to the company’s particular opera-
tions. A well-developed list of items to be benchmarked 
will result in more consistent assessments and comparisons.

4. Determine whom to benchmark against. Choices 
for whom to benchmark against should be made by consid-
ering the activities and operations under investigation, the 
size of the company, the number and types of customers, 
the types of transactions, even the locations of facilities. 
Careful attention should be paid to selecting appropriate 
companies. Similarities in size and types of transactions or 
products may be more important in some instances than 
selecting a competitor. For instance, the bursar’s office at 
a university may choose to benchmark against successful 
banking operations, not other universities’ bursar’s offices. 
A manufacturing company studying inventory control may 
be interested in the inventory control activities of a mail 
order catalog operation. If the company is interested in ISO 
9000 certification, then they might systematically select 
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Remodeling Designs, Inc. began in April 1990 as a part-time job for 
two friends with a common hobby and a big dream. The company 
began as a partnership between the Eggers and the  Cordonniers and 
was incorporated in 1991. Remodeling Designs offers full-service 
project management for all types of remodeling jobs, specializing in 
residential projects such as kitchens, bathrooms, basements, and 
room additions. The company oversees all phases of the job from 
design to completion. Each year the company continues to grow 
steadily and now operates with several production crews. Remode-
ling Designs regularly uses four types of benchmarking to keep their 
operations on track and profitable for the future.

Because of their close attention to detail, both for customer 
jobs and for their own company performance, Remodeling 
Designs has received numerous awards in multiple years for 
remodeling. These awards include the National Remodeling 
Quality Gold Award for Companies Under $1 Million Volume, the 
Miami Valley NARI Contractor of the Year Award for Residential 
Bathroom $30,000–$60,000, the Miami Valley NARI Contractor 
of the Year Award for Residential Kitchens $30,000–$60,000, 
the Miami Valley NARI Contractor of the Year for Residential Inte-
rior Remodeling, the Miami Valley NARI Contractor of the Year 
for Residential Kitchens under $30,000, and the Better Business 
Bureau Eclipse Award for Customer Service—Small Company.

Step 1. Determine the Focus. Leadership at Remodeling Designs 
participates in an association called the Remodelers’ Executive 
Roundtable. This nationwide organization, comprised of the best-
of-the-best remodeling companies, has provided input that has 
enabled Remodeling Designs to approach benchmarking wisely. 
Knowing that there is something to the saying ”too much of a good 
thing,” Remodeling Designs has chosen to focus on the four critical 
aspects that greatly affect the success of their business. These are 
the things that they feel they absolutely must do well in order for 
their business to be successful. Once they get good at benchmark-
ing and responding to these four critical to performance values, 
then they can broaden their focus to include the finer details of 
operating their business. These four aspects will be covered in 
Steps 2 and 3.

Step 2. Understand Your Organization. Remodeling Designs 
believes that there are four keys to excellent customer relation-
ships: communication, doing what they said they would do, doing 
whatever it takes to get the job done, and keeping the jobsite as 
clean as possible. Repeat business and referrals are essential 
measures of business results. Over 70 percent of their jobs are 
from repeat customers and referrals. One-third of all their new 
leads are generated from repeat and referral business. The average 
job size for Remodeling Designs is $60,000. They were recently 
ranked in the top 10 percent of remodeling businesses by the 
National Association of Remodeling Industries. They often find 
themselves in a noncompetitive bid situation because customers 
are so pleased with their approach to remodeling and repair.

 Remodeling Designs believes that their four keys to excellence of 
customer relations contribute significantly to their business results. 
Their product and service differentiators are clients wanting excel-
lent service, unique design skills, and high quality. Remodeling 
Designs has experienced very few complaints concerning the prod-
ucts or services they provide. They believe this is due to their judi-
cious use of the daily logs to maintain contact with their customers 
during construction on the job. The most frequent negative com-
ment is that the job took longer than expected. They are engaged in 

continuous improvement efforts to complete the jobs more quickly 
at the same level of quality.

Step 3. Determine What to Measure. The four critical-to-success 
measures that Remodeling Designs has chosen to benchmark fall 
into three categories: External, Customer, and Internal.

External: To track their financial and market results, Remod-
eling Designs benchmarks two measures: fiscal performance 
and project performance.

Fiscal performance is indicated by gross profit and net 
profit. The benchmark for gross profit is 40 percent. The bench-
mark for net profit is 10 percent. Both of these benchmark 
values come from recommendations from the Remodelers’ Exec-
utive Roundtable. This organization has been tracking profit 
data of their members for the past five years. These values rep-
resent the best-in-field performance.

Project performance is measured by benchmarking against 
another Remodelers’ Executive Roundtable best-in-field perfor-
mance value: lead generations converted to jobs. Leads-to-jobs 
conversion rate is 4-to-1 at best-in-field companies.

Customer: Remodeling Designs’ extensive customer surveys serve 
as a benchmark against which to measure customer success. 
Figure 2 shows the Valued Client Feedback form they use. Upon 
completion of each job, the survey is benchmarked against his-
torical performance. From this the company knows whether they 
are maintaining or improving their clients’ level of satisfaction.

Internal: Remodeling Designs uses slippage as an internal 
benchmark. Slippage refers to the percentage by which the cost 
of the actual job has slipped, or not met, the estimated cost 
projections. This type of internal benchmarking enables them 
to judge the quality of their estimations as well as their ability 
to keep a project on schedule and within cost. Obviously, zero 
slippage would be optimal, but realistically, there will be some 
jobs with slippage. The benchmark for this is 5 percent, though 
Remodeling Designs strives for less than 2 percent.

Step 4. Determine Whom to Benchmark Against. Remodeling 
Designs benchmarks against best-in-field remodelers using infor-
mation provided by the Remodelers’ Executive Roundtable. They 
benchmark customer satisfaction using their own historical survey 
data. Historical data also serves as a foundation for their internal 
slippage benchmark.

Step 5. Benchmark. Remodeling Designs benchmarks each job 
against the standards that they set in Step 3.

Step 6. Improve Performance. Knowledge gained from bench-
marking enables them to place themselves well in the market. 
Remodeling Designs has a greater focus on the customer than on 
their own business results. Their current focus to improve organi-
zational effectiveness is to study their processes to determine 
whether they can complete their jobs in less time. They hope to 
identify non-value-added activities and remove them from the pro-
cesses. They have set a goal of 40 percent gross profit on a job. 
Right now, they are at 37 percent. They are also studying their sup-
port processes to determine their effectiveness. One process under 
study is the advertising process. Currently they spend 4 percent 
of their total income on advertisements in home shows, television, 
website, mailers, etc. They are also investigating their suppliers to 
determine whether these are the best when judged from a price and 
timely delivery viewpoint.

Benchmarking at Remodeling Designs, Inc. rEaL TOOLS for rEaL LIFEq➛

(continued)
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q➛
FIGURE 15.2  Client Feedback Form

VALUED CLIENT FEEDBACK

<<FirstName>> <<LastName>>
<<Address>>
<<City>>, <<State>> <<PostalCode>>

Dear <<FirstName>>,

Thank you for giving us the opportunity to work with you on your remodeling project. We take pride in our work and are 
constantly striving to maintain our high quality. Our company is guided by our Mission Statement:

(5=Strongly Agree...I=Strongly Disagree)

It is the mission of this company to provide the highest quality, personalized and comprehensive
design, planning and remodeling services to discerning clients in the Miami Valley. Building upon our

already established reputation for service above and beyond the client’s expectations, we will continue to
demand the best of ourselves to ensure our continued growth and success.

Would you help us by taking a minute to answer the following questions?

The Salesperson I worked with was knowledgeable and competent.
The Designer I worked with was knowledgeable and competent.
The Craftsman I worked with was knowledgeable and competent.
I felt I received a “good value” for my remodeling dollars spent.
This company set realistic expectations of how my project would be handled.
I felt I was treated according to the Golden Rule: Treat others as you want to be treated.
This company “did what they had to do, to get the job done”.
The overall remodeling experience, from beginning to end, was a good one.
I would recommend this company to a friend.

We invite you to write additional comments.
****************************************************************************************************************************************

**************************************************************************************************************

5 4 3 2 1
5 4 3 2 1
5 4 3 2 1
5 4 3 2 1
5 4 3 2 1
5 4 3 2 1
5 4 3 2 1
5 4 3 2 1
5 4 3 2 1

50
THE BIG

May we use your name as a reference on future jobs?

We Design, Plan & Build Your Dreams

YES NO

be seen as opportunities to look for solutions, not to fix 
blame. Audits enable a company to answer a variety of 
questions. Is the company achieving its objectives? Are 
procedures being followed? Are new and more efficient 
methods of performance documented and used where 
applicable? Are records being properly retained and used 
to solve production problems? Are preventive maintenance 
schedules being followed? Audits of systems such as mate-
rial handling can reveal poor practices that need to be 
improved. Supplier quality and record-keeping practices 
can also be checked. Since audits identify opportunities for 
improvement, companies may perform a product or service 
integrity audit to verify that the process is performing in an 

optimal fashion. Using audits to identify process problems 
reduces opportunities for nonconformities.

The frequency of audits varies according to need. 
Areas having a significant effect directly on product crea-
tion, service provision, and product or service safety or 
quality are targeted for more frequent audits. When not 
based on customer or government requirements, the fre-
quency of audits is usually related to the need to bal-
ance audit effectiveness with economics. To decrease the 
impact and disruption caused by a major companywide 
audit, an organization may choose to audit one or two 
areas or systems at a time until all key areas have been 
evaluated.
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information to make improvements. Typical auditing pro-
grams include a planning phase, the actual audit, reports 
recommending improvements, and follow-up action plans 
(Figure 15.3).

1. Plan: To begin, those planning the audit need to 
identify its purpose or objective. A statement of purpose 
clarifies the focus of the audit. Following this, planners 
will need to identify the who, what, where, when, why, 
and how related to the audit. Who is to be audited? Who 
is to perform the audit? What does this audit hope to 
accomplish? Is the audit to judge conformance to stand-
ards? If so, what are the critical standards? What are the 
performance measures? When and where the audit will be 
conducted must be set. Those about to be audited should 
be informed by an individual in a position of authority. 
Clear statements of the reasons behind the audit (why), the 
performance measures (what), and the procedures (how) 
should be given to those being audited. An audit is a valua-
ble working document for improvement. It is important to 
determine how the results will be used and who will have 
access to the results before the auditing process begins.

2. Do: Using the information clarified in the plan-
ning phase, the audit is conducted. Often an introductory 
meeting is held by the participants to discuss the scope, 
objectives, schedule, and paperwork considerations. 
After the opening meeting, examiners begin the process 
of reviewing the process, product, or system under study. 
Auditors may require access to information concerning 
quality systems, equipment operation procedures, preven-
tive maintenance records, inspection histories, or planning 
documents. Auditors may conduct interviews with those 

An audit involves comparisons, checks of compliance, 
and discoveries of discrepancies. Because this news is not 
always positive, those conducting an audit may not be well 
received by the area being audited. To be successful, good 
auditors should be polite, objective, and professional. In 
some instances, a great deal of perseverance is necessary to 
find the information desired. Audits should be conducted 
in an objective and factual manner. The auditor’s opinion 
should be unbiased, unfiltered, and undistorted. Audits are 
not subjective assessments against personal standards. The 
objectives, criteria, and measures against which an area is 
to be compared should be well defined before beginning 
the audit. Those involved in the audit should be notified as 
early as possible about the scope and breadth of the audit.

Types of Audits
Audits are designed to determine if deficiencies exist 
between actual performance and desired standards. They 
can cover the entire company, or a division of a company, 
or any portion of the processes that provide a product or 
service. Audits may be focused on product development 
and design, material procurement, or production. A cus-
tomer may request an audit prior to awarding a contract 
to a supplier. Other types of audits include product design 
audits, preproduction audits, compliance audits, produc-
tion audits, and supplier quality system audits.

Designing an Audit
Applying the Shewhart Plan-Do-Study-Act cycle, made 
popular by Dr. Deming, can help a company create an 
organized system for conducting an audit and using the 

FIGURE 15.3  The Auditing Process

ACT PLAN

STUDY DO

Identify purpose
Who
What
Where
When
Why
How

Establish performance
measures

Assign team members

Hold introductory meeting
Discuss scope
Draft schedule

Audit
Interview
Investigate
Evaluate

Hold closing meeting
Summarize
Document

Prepare final report

Implement
action plan

Standardize

Review progress

Respond to
auditor’s conclusions

Develop
action plan

Formulate and
document corrective
action
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plan should specify the steps and time frame involved in 
dealing with the issues raised by the audit.

4. Act: Once adopted, the action plan becomes the 
focus of the improvement activities related to the audited 
area. Auditors and company administrators should follow 
up at predetermined intervals to evaluate the status of the 
continuous improvement action plan. This ensures that the 
recommendations and conclusions reached by the auditors, 
and supported by an action plan, assist the company in 
reaching its continuous improvement goals.

Example 15.1 Conducting an Audit at JRPS
As part of checking its ability to meet the standards set by 
ISO 9000, JRPS has decided to perform an internal audit 
on its main production line. To conduct an effective audit 
they followed the four steps presented in this chapter.

Step 1. Plan.   To begin, those planning the audit identi-
fied the purpose or objective of the audit as being “to judge 
conformance to the following standards: cleanliness/lack of 
contamination, nutritional quality control, and compliance 
with written standard operating procedures (SOPs).” Follow-
ing this step, the planners made a list:

Who: Who is to be audited? The main production line

 Who is to perform the audit? W&T Consultants

What:  What does this audit hope to accomplish? Assess-
ment of conformance to the following standards: 
cleanliness/lack of contamination, nutritional 
quality control, and compliance with written SOPs

   What are the performance measures? Level of 
cleanliness and lack of contamination; Structure 
and performance of nutritional quality control 
system; Level of compliance with written SOPs

Where: Number 1 plant, main production line

When: February 1 through February 5

involved in the process of providing a product or service. 
Any and all information related to the area under study 
is critical for the success of the audit. Organizations con-
ducting audits may ask questions like those provided in 
Figure 15.4. To make an audit more successful consider 
using these techniques. Begin by encouraging those being 
audited to be part of the audit team. If they are involved, 
they will emerge with a clearer understanding of the gap 
between what was expected and what was found. It also 
helps to begin the audit by asking general open-ended ques-
tions. Once the auditor has a grasp of the big picture, these 
can be followed by more concise questions used for clari-
fication. Naturally, a good auditor is also a good listener. 
Auditors should do significantly more listening than talk-
ing in order to find out how things are really operating in 
a department.

During the review process, auditors document their 
findings. These findings are presented in a general sum-
mary at a meeting of the participants. Within a short 
period of time, perhaps 10 to 20 days, the auditors will 
prepare a written report that documents their findings, 
conclusions, and recommendations. The report should 
be detailed enough to provide a clear picture of the situa-
tion. This will help those being audited understand what 
was found versus what was required. The report should 
quantify the costs associated with gaps in performance, 
thus tying their findings to real consequences. The reports 
should not be entirely negative either. Auditors should also 
point out specific areas where the organization is perform-
ing well.

3. Study: Audits provide information about the par-
ticipant’s strengths, weaknesses, and areas for improve-
ment. Upon receipt, the auditor’s report is read by the 
participants in the audit. During this phase of the audit 
cycle, they respond to the report and develop an action plan 
based on the recommendations of the auditors. This action 

Who are the customers (internal and external)?
Are the customer (internal and external) requirements known? What are they? How are they 
identified?
What are the key processes that support meeting customer (internal and external) requirements?
Are the process owners identified? Who are they?
What are the inputs for the process?
What are the outputs for the process?
What is the sequence and interaction of related processes?
Show us the process maps or flow charts of key processes.
Have the interfaces between processes been identified?
Are the processes documented?
What are the economic issues (cost, resource allocation, waste, etc.) associated with the process?
What are the methods in place for process improvement?
What are the resources needed for the processes?
What are the channels of communication?
How is feedback obtained?
How is process performance measured?
What is done with the information gathered from the process?
What is the corrective action process?
What is the preventive action process?

FIGURE 15.4  Examples of Audit Questions
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cleaning solutions. There was also no established 
standard operating procedure for verifying incoming 
supplies.

e. The grinders were not covered by a preventive mainte-
nance program. There were no safety inspection records 
in the files. There was no information at all concerning 
the equipments’ description, serial number, location, 
dates of inspection, condition, repairs, or standard 
operating procedures.

f. While the grinders had almost no information available, 
other machines had incomplete records.

 These are just a few of the findings presented in the 
general summary at a closing meeting of the participants. 
Within 20 days, the auditors prepared a written report that 
documented their findings, conclusions, and recommenda-
tions in detail.

Step 3. Study. The audit provided information about the 
participants’ strengths, weaknesses, and areas for improve-
ment. Number 1 line spent many hours developing an action 
plan based on the recommendations of the auditors. The 
action plan listed specific steps and time frames to deal 
with the issues raised by the audit. For example,

a. To correct the situation with incomplete equipment 
documentation (concerns e and f), number 1 line 
members will work with the maintenance department 
to create files containing the following information for 
all machines on number 1 line: equipment description, 
serial number, location, standard operating procedures, 
safety inspection records, dates of inspection, equip-
ment condition, and repairs. Completion date: June 1.

b. Number 1 line members will work with the mainte-
nance department to create a preventive maintenance 
program suitable for all machines on number 1 line. 
Completion date: July 30.

c. To deal with concern c, number 1 line members will 
work with the cleaning department to develop standard 
operating procedures for all machines on number 1 
line. Completion date: April 1.

d. A thorough training and review program will be estab-
lished for all current and future employees on number 
1 line. This will counteract situations evident in con-
cern b. Completion date: April 30.

e. The raw material storage area will be redesigned 
to prevent future contamination. Completion date: 
August 30.

Step 4. Act. Management at JRPS reviewed the action 
plan and adopted it as the focus of the improvement activi-
ties related to line 1. The vice president of operations will 
follow up every 30 days to determine the progress being 
made and to be available to remove any obstacles prevent-
ing implementation of the plan. This will ensure that the 
recommendations and conclusions reached by the auditors, 
and supported by an action plan, will be handled in a timely 
fashion. q➛

 Report from auditors due February 28

 Response from production line 1 due March 30

  Follow-up by management every 30 days to check 
compliance

Why:  To ensure that JRPS produces the highest-quality 
shafts, under the cleanest possible conditions, at 
an optimum performance level

How:  Auditors will conduct interviews, review quality 
documentation, review standard operating pro-
cedures, and observe line activities to create a 
comparison

 The vice president of operations informed main produc-
tion about the audit and its purpose. At this meeting, the 
performance measures and the procedures of conducting 
an audit were reviewed with those being audited. This made 
clear to the people on the line, as well as to their supervi-
sors, manufacturing engineers, and others, the importance 
of the audit and the results generated by it. Since an audit 
is a valuable working document for improvement, the vice 
president of operations discussed how the audit results 
would be used to guide the improvement efforts within the 
department.

Step 2. Do.   Using the information clarified in the plan-
ning phase, the audit was conducted by W&T Consultants. 
After the introductory meeting to discuss the scope, objec-
tives, schedule, and paperwork considerations, the exam-
iners began reviewing the process, the quality system, 
equipment operation procedures, preventive maintenance 
records, inspection histories, and planning documents. The 
auditors conducted interviews with line personnel, engi-
neers, and supervisors.
 During the review process, the auditors documented their 
findings. While the overall cleanliness and adherence to 
work standards were very good, at the closing meeting the 
following concerns were raised:

a. In the raw material storage area, several containers of 
additives had been contaminated by fumes from extrac-
tion ducts that were not airtight.

b. Also in the raw material storage area, several incom-
ing shipments had lost their labels. There are writ-
ten instructions requiring the involvement of quality 
assurance when the labels are replaced; however, the 
personnel responsible for replacing the labels were 
unaware of the authorized procedure. The procedure 
they described did not match the authorized standard 
operating procedure.

c. On the production line, because of the lack of space, 
a work schedule for the cleaning crew did not list spe-
cial cleaning instructions. The cleaning supervisor had 
been given no guidance concerning standard operating 
procedures.

d. While studying the procedures for ordering raw material 
and cleaning solutions, one of the auditors noticed that 
there were no purchase specifications for the critical 
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5. The WP and Me Corporation, a pet food company, 
would like to determine whether it could perform 
well against the standards for the Malcolm Baldrige 
National Quality Award. WP and Me plans to apply 
for the award within the next few years. The purpose 
of this benchmarking experience is to see how they 
currently compare with the criteria and what areas 
they should focus on in the future. The company hopes 
to benefit from this type of compliance benchmark-
ing experience before attempting to win the award. 
Provide details on the steps the company should take 
during the benchmarking process.

6. Employees at the bank are already trained to be 
polite and eager to serve the customers. The bank 
has been able to identify several other features that 
are important to their customers: timeliness, accu-
racy, immediate service, knowledge, courtesy, con-
venience, and accessibility. The bank is considering 
benchmarking as a way to determine how they can 
improve. The following are some questions they must 
seek answers to:
a. Which of the four types of benchmarking would 

be appropriate in this situation? Why?
b. Describe the benchmarking steps that the bank 

should take. What should happen during each step?
c. Describe at least three measures of performance or 

indicators of viability that would be appropriate 
for the bank to investigate. Why did you choose 
each of these?

d. Against whom should the bank benchmark?
e. After obtaining the benchmarked information, 

what should the bank do with it?

aUDItING

7. Describe the steps involved in auditing.
8. Why would a company be interested in auditing? What 

benefits would they hope to gain by auditing?
9. Select a company, either service- or manufacturing-

related, and describe the steps and activities involved 
in auditing. Be sure to indicate which areas of the com-
pany would be most appropriate to audit and why, as 
well as who should be involved in the audit and what 
they should investigate.

10. You have been asked to serve as a “secret shopper” to 
audit a grocery store. What are five questions that you 
would ask? Why do you consider these good questions? 
What do you hope to learn from asking these questions?

11. Why is it so important to plan an audit carefully? 
What needs to be defined during the Plan phase of an 
audit? What activities should take place? Why is all 
this preparation needed?

12. What should an auditor’s report contain following an 
audit? What type of information should be presented? 
Should there be conclusions? Recommendations? 
Action plans?

SummarY 

Benchmarking and auditing are both processes that enable 
a company to learn more about itself. A company that 
invests time and effort in either a benchmarking assess-
ment or an audit will be able to verify its performance 
and uncover areas requiring improvement. In many cases, 
better performance can be gained by understanding what 
a company is currently capable of doing versus where it 
needs to be performing to remain competitive.

q➛  LESSONS LEarNEd 

1. Identification of performance measures enhances both 
benchmarking assessments and audits.

2. Benchmarking is the process of comparing a compa-
ny’s performance against a set of standards or against 
the performance of a best-in-its-class company.

3. Measurements and information gathered during both 
benchmarking and audits are used to make conclu-
sions about current performance and any necessary 
improvements.

4. Audits are designed to appraise the activities, practices, 
records, and policies of an organization to determine 
the company’s ability to meet or exceed a standard.

chaPTEr PrOBLEmS 

BeNChMarKING

1. Describe the steps involved in benchmarking.
2. Think about the comparisons you make in your life. 

Who or what do you benchmark?
3. Select a company, either service- or manufacturing-

related, and describe the steps and activities involved 
in benchmarking. Be sure to indicate which type of 
benchmarking would be most appropriate and why, 
as well as whom they should benchmark against and 
what they should measure.

4. A local bank considers itself a full-service bank. They 
offer a number of products and services to individual 
customers, businesses, trusts, and credit card users. 
Recently, the bank completed an internal quality 
improvement process that included determining a 
mission statement and resolving issues that prevented 
employees from performing to the best of their abil-
ity. At this time they are evaluating external customer 
service. Competition in the banking industry is fierce, 
and it is critical that the bank discover and develop 
policies, procedures, and practices that will lead to cus-
tomer delight. The bank’s mission statement is simple: 
“All customers, regardless of the size of their accounts 
or the number of their transactions, are important!” 
What steps should the bank managers take to bench-
mark? What should they benchmark?
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part 2
Following the steps suggested by texts on benchmarking, 
the performing arts association begins its benchmark-
ing process with a brainstorming session to determine 
the focus of the benchmarking activities. The three gen-
eral areas the board feels are indications of viability are 
resource development, artistic excellence, and marketing 
effectiveness.

Resource development involves the financial aspects 
of the performing arts association. The association 
receives income from several sources, but all revenue can 
be classified as either unearned income—corporate and 
individual gifts, agency/government funding, and contri-
butions—or earned income—ticket sales. Revenue is used 
to pay staff, purchase shows, employ performing art-
ists, maintain the theater, market upcoming shows, and 
sponsor educational programs that are presented prior 
to the performance. Marketing efforts include advertis-
ing and promotional and discounted tickets. Staff mem-
bers, as well as volunteers, devote a significant amount 
of time to efforts to solicit contributions from agencies, 
corporations, and individuals. These efforts are vital to 
the ability of the association to offer a wide variety of 
performances.

Artistic excellence involves such aspects as the program 
mix offered during the year, the performers themselves, 
their age and training, the number of community outreach 
programs, and preperformance lectures. Marketing effec-
tiveness is based on the relationship of attendance, ticket 
sales, and dollars spent on marketing.

The results of the discussions are helpful in understand-
ing the company, how it is viewed both internally and 
externally. Using their focus areas (resource development, 
artistic excellence, and marketing effectiveness) as a begin-
ning, the board must determine what to measure.

q➛ aSSIgNmENT

For each of the three areas—resource development, artistic 
excellence, and marketing effectiveness—brainstorm what 
you consider to be appropriate measures of performance 
(or indicators of viability).

part 3
To identify the appropriate measures of performance, the 
board holds a brainstorming session. The session reveals 
the following:

Indications of viability

1. Efficiency of programs
2. Marketing effectiveness
3. Educating the audience
4. Other measures of performance

q➛ caSE STudY 15.1 

Benchmarking

part 1
TST, a local performing arts association, has been experi-
encing several years of financial prosperity. Their board of 
directors feels that it is time to update the formal strategic 
long range plan (SLRP). The purpose of the SLRP is to 
focus and guide the thinking and activities of the board of 
directors and staff of the organization. The implementa-
tion of the SLRP is the responsibility of the board as well 
as of the staff.

Members of the board are very enlightened about 
total quality management and are determined to put their 
knowledge to use in creating the new SLRP. They begin 
their revision with the creation of mission and vision state-
ments to guide the activities of the organization.

The vision:

Our performing arts association will advance a 
national reputation of excellence to ever-expanding 
local and touring audiences. In addition to performing, 
the performing arts association will embrace vigorous 
and respected educational and community outreach 
programs, which will include a school and associated 
preprofessional performance troupes.

The mission:

The purpose of the performing arts association is to 
educate, enlighten, and entertain the widest possible 
audience in the city and on tour by maintaining a 
professional company characterized by excellence. Its 
purpose is also to maintain a preprofessional training 
company and a school. The performing arts associa-
tion will develop and maintain the artistic, administra-
tive, technical, and financial resources necessary for 
those endeavors.

After developing the mission and vision statements, the 
board has decided to determine the viability of their organ-
ization when compared with other, similar performing arts 
associations. They have chosen to do benchmarking for 
this reason.

q➛ aSSIgNmENT

1. Describe the type of benchmarking the performing arts 
association will be performing.

2. What benefits will the association see from 
benchmarking?

3. Describe the steps the association should take in the 
benchmarking process.
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q➛  aSSIgNmENT

The board has listed a large number of potential meas-
ures of success or indicators of viability. To seek all of this 
information from the associations chosen as benchmarks 
would require a significant amount of time. Which would 
you select as the key benchmarks? Why?

part 4
The board holds an additional session to determine the key 
benchmarks indicating the viability of the association. The 
following areas are chosen to investigate as key benchmarks:

Resource development 

 j Percentage of earned versus contributed income
 j Percentage of contributed income from corporations, 

funding agencies, and individuals

Artistic excellence 

 j Number of performances on main stage
 j Number of outreach programs
 j Preperformance lecture attendance

Marketing effectiveness 

 j Attendance as percentage of house
 j Percentage of total tickets that are complimentary or 

discounted tickets
 j Percentage of earned income dedicated to marketing 

efforts

Now that the performance measures have been selected, 
before performing the actual benchmarking, the board 
needs to determine whom to benchmark against.

q➛  aSSIgNmENT

On what factors should the selection of whom to bench-
mark against be based?

part 5
The board decides to base their selection of performing arts 
associations to benchmark on several factors. From this 
they are able to select five performing arts associations to 
compare themselves with.

Their next step is to begin benchmarking. One of 
the committee members is chosen to contact each of the 
selected associations and gather the information. At the 
next board meeting, this individual will share the infor-
mation with the other board members. The information 
from their benchmarking efforts will be used to improve 
performance.

q➛  aSSIgNmENT

Study Figures C15.1.1 through C15.1.8 and discuss how 
well the performing arts association is doing when com-
pared with other best-in-field associations.

FIGURE C15.1.1  Total Income, in Millions
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FIGURE C15.1.2  Earned Income, in Millions
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FIGURE C15.1.3  Contributed Income, in Millions
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FIGURE C15.1.4  Composition of Contributed Income
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FIGURE C15.1.5  Performance Hall Size, Number 
of Seats
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FIGURE C15.1.6  Total Tickets Available per Season

100

80

60

40

20

0
TST A B C D E

Ti
ck

et
s 

av
ai

la
bl

e,
 in

 th
ou

sa
nd

s

72.2

86.4

35.9 38.0

58.1

37.6

Hall capacity = number of performances/presentations

FIGURE C15.1.7  Marketing Expense as a Percent 
of Total Budget
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FIGURE C15.1.8  Marketing Expense a Percent of 
Ticket

30

25

20

15

10

5

0
TST A B C D E

%

25.0
26.7

17.0

20.8
22.4 22.4

M15_SUMM3273_06_SE_C15.indd   487 10/28/16   12:04 PM



488 Chapter FIFteeN

The auditor asked three more questions:

1. Why didn’t the retired inspector know how the units 
were to be tested according to the ATP?

2. Why didn’t the supervisor ensure that the ATP was 
being followed?

3. Why were pressure gages used in the first place? If the 
ATP was not changed, then the mercury manometer 
should have always been used.

In response, PL stated that the old inspector took Polar-
oid pictures of the original setup when the first piece was 
inspected and used these pictures when testing the valves. 
The old inspector did not refer to the ATP, which would 
have instructed her to use the mercury manometer. All units 
tested through serial number 095 were tested using air pres-
sure while the approved test plan called for the use of a 
liquid mercury manometer, which is a more accurate test.

The auditors asked to view the inspector performing 
the test. During this activity, the auditors had to remind 
everyone present that the inspector was to perform the test, 
not the supervisor (who was in the process of doing the test 
for the inspector). The supervisor claimed that he was help-
ing because portions of the setups were cumbersome and 
could not be performed by the inspector alone. But, no, he 
was not always available to help. Once allowed to perform 
the test herself, the inspector performed the tests out-of-
sequence. And when the tests called for placing the valve 
in an explosion-proof container for a high-pressure test, 
the inspector merely placed the valve in a pan of water!

While discussing the ATP procedure violations, the audi-
tors also noticed some other discrepancies as they watched 
the inspector test valves. Though the test was being held in 
a designated clean room, with everyone present attired in 
hairnets, smocks, and booties, upon entering the room, the 
auditors noticed they walked over a dirty, tacky mat. They 
also noticed that when they slid their hands along the front 
edge of the workbenches in the room, their hands turned 
black and gritty with dirt!

q➛  aSSIgNmENT

What are your findings as an auditor?

q➛  aSSIgNmENT

What are the potential consequences of failing the audit?

q➛ caSE STudY 15.2 

Auditing

This case provides information about the testing/inspection 
aspect of the audit. Play the role of the auditor and evalu-
ate this company.

A supplier of oxygen valves for the oxygen system in a 
military aircraft has been the focus of a procedural audit. 
During this audit, the auditors are trying to determine if 
proper procedures for the design, manufacturing, and test-
ing of the oxygen valves have been followed.

BaCKGrOUND
The military has contracted with PL Inc. to supply 120 
oxygen valves for a military airplane. These valves are sup-
plied in lot sizes of 10 and are produced on an as-needed 
basis. Production and use of the valves has risen to number 
96 of the 120 requested. The valves are inspected using 
the Approved Test Plan (ATP) developed at the awarding 
of the contract.

The audit was triggered by an oxygen leak in one of the 
valves. While troubleshooting the failure, liquid mercury 
was found in the valve, a dangerous occurrence for the 
personnel using the valves.

When first questioned during the audit about the pro-
cedure used, PL stated that they had changed the ATP 
to use a liquid mercury manometer to check for leaks at 
part serial number 096. Their records show that only four 
valves were tested in this manner. The mercury manometer 
was found to be the contamination source of mercury in 
the valves. PL also stated that the manometer was not used 
to test any other products.

The auditor asked two questions:

1. Why did they change the ATP 24 units before the end 
of the production run?

2. Why did they buy the mercury manometer, a special 
piece of testing equipment, to test just 24 remaining 
valves?

These questions caused PL to change their story. They 
now report that the ATP originally called for testing with 
a mercury manometer, so the ATP was never changed in 
the first place. What happened was that the inspector who 
normally tested the valves retired. Unlike the old inspector, 
the new inspector followed the ATP and performed the 
inspection with the manometer rather than air pressure 
gages. All units tested by the retired inspector used the air 
pressure gages and therefore were not contaminated by the 
mercury manometer.
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APPENDIX 1
q

0 Xi
ex: P (Z ◊ 1.96) = 0.9750

Normal Curve Areas P(Z … Z0)

Z 0.09 0.08 0.07 0.06 0.05 0.04 0.03 0.02 0.01 0.00

-3.8 .0001 .0001 .0001 .0001 .0001 .0001 .0001 .0001 .0001 .0001

-3.7 .0001 .0001 .0001 .0001 .0001 .0001 .0001 .0001 .0001 .0001

-3.6 .0001 .0001 .0001 .0001 .0001 .0001 .0001 .0001 .0002 .0002

-3.5 .0002 .0002 .0002 .0002 .0002 .0002 .0002 .0002 .0002 .0002

-3.4 .0002 .0003 .0003 .0003 .0003 .0003 .0003 .0003 .0003 .0003

-3.3 .0003 .0004 .0004 .0004 .0004 .0004 .0004 .0005 .0005 .0005

-3.2 .0005 .0005 .0005 .0006 .0006 .0006 .0006 .0006 .0007 .0007

-3.1 .0007 .0007 .0008 .0008 .0008 .0008 .0009 .0009 .0009 .0010

-3.0 .0010 .0010 .0011 .0011 .0011 .0012 .0012 .0013 .0013 .0013

-2.9 .0014 .0014 .0015 .0015 .0016 .0016 .0017 .0018 .0018 .0019

-2.8 .0019 .0020 .0021 .0021 .0022 .0023 .0023 .0024 .0025 .0026

-2.7 .0026 .0027 .0028 .0029 .0030 .0031 .0032 .0033 .0034 .0035

-2.6 .0036 .0037 .0038 .0039 .0040 .0041 .0043 .0044 .0045 .0047

-2.5 .0048 .0049 .0051 .0052 .0054 .0055 .0057 .0059 .0060 .0062

-2.4 .0064 .0066 .0068 .0069 .0071 .0073 .0075 .0078 .0080 .0082

-2.3 .0084 .0087 .0089 .0091 .0094 .0096 .0099 .0102 .0104 .0107

-2.2 .0110 .0113 .0116 .0119 .0122 .0125 .0129 .0132 .0136 .0139

-2.1 .0143 .0146 .0150 .0154 .0158 .0162 .0166 .0170 .0174 .0179

-2.0 .0183 .0188 .0192 .0197 .0202 .0207 .0212 .0217 .0222 .0228

-1.9 .0233 .0239 .0244 .0250 .0256 .0262 .0268 .0274 .0281 .0287

-1.8 .0294 .0301 .0307 .0314 .0322 .0329 .0336 .0344 .0351 .0359

-1.7 .0367 .0375 .0384 .0392 .0401 .0409 .0418 .0427 .0436 .0446

-1.6 .0455 .0465 .0475 .0485 .0495 .0505 .0516 .0526 .0537 .0548

-1.5 .0559 .0571 .0582 .0594 .0606 .0618 .0630 .0643 .0655 .0668

-1.4 .0681 .0694 .0708 .0721 .0735 .0749 .0764 .0778 .0793 .0808

-1.3 .0823 .0838 .0853 .0869 .0885 .0901 .0918 .0934 .0951 .0968

-1.2 .0985 .1003 .1020 .1038 .1056 .1075 .1093 .1112 .1131 .1151

-1.1 .1170 .1190 .1210 .1230 .1251 .1271 .1292 .1314 .1335 .1357

-1.0 .1379 .1401 .1423 .1446 .1469 .1492 .1515 .1539 .1562 .1587

-0.9 .1611 .1635 .1660 .1685 .1711 .1736 .1762 .1788 .1814 .1841

-0.8 .1867 .1894 .1922 .1949 .1977 .2005 .2033 .2061 .2090 .2119

-0.7 .2148 .2177 .2206 .2236 .2266 .2296 .2327 .2358 .2389 .2420

-0.6 .2451 .2483 .2514 .2546 .2578 .2611 .2643 .2676 .2709 .2743

-0.5 .2776 .2810 .2843 .2877 .2912 .2946 .2981 .3015 .3050 .3085

-0.4 .3121 .3156 .3192 .3228 .3264 .3300 .3336 .3372 .3409 .3446

-0.3 .3483 .3520 .3557 .3594 .3632 .3669 .3707 .3745 .3783 .3821

-0.2 .3859 .3897 .3936 .3974 .4013 .4052 .4090 .4129 .4168 .4207

-0.1 .4247 .4286 .4325 .4364 .4404 .4443 .4483 .4522 .4562 .4602

(continued)
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Z 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

-0.0 .4641 .4681 .4721 .4761 .4801 .4840 .4880 .4920 .4960 .5000

+0.0 .5000 .5040 .5080 .5120 .5160 .5199 .5239 .5279 .5319 .5359

+0.1 .5398 .5438 .5478 .5517 .5557 .5596 .5636 .5675 .5714 .5753

+0.2 .5793 .5832 .5871 .5910 .5948 .5987 .6026 .6064 .6103 .6141

+0.3 .6179 .6217 .6255 .6293 .6331 .6368 .6406 .6443 .6480 .6517

+0.4 .6554 .6591 .6628 .6664 .6700 .6736 .6772 .6808 .6844 .6879

+0.5 .6915 .6950 .6985 .7019 .7054 .7088 .7123 .7157 .7190 .7224

+0.6 .7257 .7291 .7324 .7357 .7389 .7422 .7454 .7486 .7517 .7549

+0.7 .7580 .7611 .7642 .7673 .7704 .7734 .7764 .7794 .7823 .7852

+0.8 .7881 .7910 .7939 .7967 .7995 .8023 .8051 .8078 .8106 .8133

+0.9 .8159 .8186 .8212 .8238 .8264 .8289 .8315 .8340 .8365 .8389

+1.0 .8413 .8438 .8461 .8485 .8508 .8531 .8554 .8577 .8599 .8621

+1.1 .8643 .8665 .8686 .8708 .8729 .8749 .8770 .8790 .8810 .8830

+1.2 .8849 .8869 .8888 .8907 .8925 .8944 .8962 .8980 .8997 .9015

+1.3 .9032 .9049 .9066 .9082 .9099 .9115 .9131 .9147 .9162 .9177

+1.4 .9192 .9207 .9222 .9236 .9251 .9265 .9279 .9292 .9306 .9319

+1.5 .9332 .9345 .9357 .9370 .9382 .9394 .9406 .9418 .9429 .9441

+1.6 .9452 .9463 .9474 .9484 .9495 .9505 .9515 .9525 .9535 .9545

+1.7 .9554 .9564 .9573 .9582 .9591 .9599 .9608 .9616 .9625 .9633

+1.8 .9641 .9649 .9656 .9664 .9671 .9678 .9686 .9693 .9699 .9706

+1.9 .9713 .9719 .9726 .9732 .9738 .9744 .9750 .9756 .9761 .9767

+2.0 .9772 .9778 .9783 .9788 .9793 .9798 .9803 .9808 .9812 .9817

+2.1 .9821 .9826 .9830 .9834 .9838 .9842 .9846 .9850 .9854 .9857

+2.2 .9861 .9864 .9868 .9871 .9875 .9878 .9881 .9884 .9887 .9890

+2.3 .9893 .9896 .9898 .9901 .9904 .9906 .9909 .9911 .9913 .9916

+2.4 .9918 .9920 .9922 .9925 .9927 .9929 .9931 .9932 .9934 .9936

+2.5 .9938 .9940 .9941 .9943 .9945 .9946 .9948 .9949 .9951 .9952

+2.6 .9953 .9955 .9956 .9957 .9959 .9960 .9961 .9962 .9963 .9964

+2.7 .9965 .9966 .9967 .9968 .9969 .9970 .9971 .9972 .9973 .9974

+2.8 .9974 .9975 .9976 .9977 .9977 .9978 .9979 .9979 .9980 .9981

+2.9 .9981 .9982 .9982 .9983 .9984 .9984 .9985 .9985 .9986 .9986

+3.0 .9987 .9987 .9987 .9988 .9988 .9989 .9989 .9989 .9990 .9990

+3.1 .9990 .9991 .9991 .9991 .9992 .9992 .9992 .9992 .9993 .9993

+3.2 .9993 .9993 .9994 .9994 .9994 .9994 .9994 .9995 .9995 .9995

+3.3 .9995 .9995 .9995 .9996 .9996 .9996 .9996 .9996 .9996 .9997

+3.4 .9997 .9997 .9997 .9997 .9997 .9997 .9997 .9997 .9997 .9998

+3.5 .9998 .9998 .9998 .9998 .9998 .9998 .9998 .9998 .9998 .9998

+3.6 .9998 .9998 .9999 .9999 .9999 .9999 .9999 .9999 .9999 .9999

+3.7 .9999 .9999 .9999 .9999 .9999 .9999 .9999 .9999 .9999 .9999

+3.8 .9999 .9999 .9999 .9999 .9999 .9999 .9999 .9999 .9999 .9999

Normal Curve Areas P(Z … Z0) (continued )
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APPENDIX 3

Values of t Distribution

Values of t Distribution

df t0.10 t0.05 t0.025 t0.01 t0.005 df

1 3.078 6.314 12.706 31.821 63.656 1

2 1.886 2.920 4.303 6.965 9.925 2

3 1.638 2.353 3.182 4.541 5.841 3

4 1.533 2.132 2.776 3.747 4.604 4

5 1.476 2.015 2.571 3.365 4.032 5

6 1.440 1.943 2.447 3.143 3.707 6

7 1.415 1.895 2.365 2.998 3.499 7

8 1.397 1.860 2.306 2.896 3.355 8

9 1.383 1.833 2.262 2.821 3.250 9

10 1.372 1.812 2.228 2.764 3.169 10

11 1.363 1.796 2.201 2.718 3.106 11

12 1.356 1.782 2.179 2.681 3.055 12

13 1.350 1.771 2.160 2.650 3.012 13

14 1.345 1.761 2.145 2.624 2.977 14

15 1.341 1.753 2.131 2.602 2.947 15

16 1.337 1.746 2.120 2.583 2.921 16

17 1.333 1.740 2.110 2.567 2.898 17

18 1.330 1.734 2.101 2.552 2.878 18

19 1.328 1.729 2.093 2.539 2.861 19

20 1.325 1.725 2.086 2.528 2.845 20

21 1.323 1.721 2.080 2.518 2.831 21

22 1.321 1.717 2.074 2.508 2.819 22

23 1.319 1.714 2.069 2.500 2.807 23

24 1.318 1.711 2.064 2.492 2.797 24

25 1.316 1.708 2.060 2.485 2.787 25

26 1.315 1.706 2.056 2.479 2.779 26

27 1.314 1.703 2.052 2.473 2.771 27

28 1.313 1.701 2.048 2.467 2.763 28

29 1.311 1.699 2.045 2.462 2.756 29

30 1.310 1.697 2.042 2.457 2.750 30

31 1.309 1.696 2.040 2.453 2.744 31

32 1.309 1.694 2.037 2.449 2.738 32

33 1.308 1.692 2.035 2.445 2.733 33

34 1.307 1.691 2.032 2.441 2.728 34

35 1.306 1.690 2.030 2.438 2.724 35

40 1.303 1.684 2.021 2.423 2.704 40
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Values of t Distribution

df t0.10 t0.05 t0.025 t0.01 t0.005 df

45 1.301 1.679 2.014 2.412 2.690 45

50 1.299 1.676 2.009 2.403 2.678 50

55 1.297 1.673 2.004 2.396 2.668 55

60 1.296 1.671 2.000 2.390 2.660 60

70 1.294 1.667 1.994 2.381 2.648 70

80 1.292 1.664 1.990 2.374 2.639 80

90 1.291 1.662 1.987 2.368 2.632 90

100 1.290 1.660 1.984 2.364 2.626 100

200 1.286 1.653 1.972 2.345 2.601 200

400 1.284 1.649 1.966 2.336 2.588 400

600 1.283 1.647 1.964 2.333 2.584 600

800 1.283 1.647 1.963 2.331 2.582 800

999 1.282 1.646 1.962 2.330 2.581 999
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Cumulative Binomial Probability Distribution

n = 5

p
d

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

0 0.9510 0.9039 0.8587 0.8154 0.7738 0.7339 0.6957 0.6591 0.6240 0.5905
1 0.9990 0.9962 0.9915 0.9852 0.9774 0.9681 0.9575 0.9456 0.9326 0.9185
2 1.0000 0.9999 0.9997 0.9994 0.9998 0.9980 0.9969 0.9955 0.9937 0.9914
3 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999 0.9999 0.9998 0.9997 0.9995
4 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

p
d

0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19 0.20

0 0.5584 0.5277 0.4984 0.4704 0.4437 0.4182 0.3939 0.3707 0.3487 0.3277
1 0.9035 0.8875 0.8708 0.8533 0.8352 0.8165 0.7973 0.7776 0.7576 0.7373
2 0.9888 0.9857 0.9821 0.9780 0.9734 0.9682 0.9625 0.9563 0.9495 0.9421
3 0.9993 0.9991 0.9987 0.9983 0.9978 0.9971 0.9964 0.9955 0.9945 0.9933
4 1.0000 1.0000 1.0000 0.9999 0.9999 0.9999 0.9999 0.9998 0.9998 0.9997

5 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

p
d

0.21 0.22 0.23 0.24 0.25 0.26 0.27 0.28 0.29 0.30

0 0.3077 0.2887 0.2707 0.2536 0.2373 0.2219 0.2073 0.1935 0.1804 0.1681
1 0.7167 0.6959 0.6749 0.6539 0.6328 0.6117 0.5907 0.5697 0.5489 0.5282
2 0.9341 0.9256 0.9164 0.9067 0.8965 0.8857 0.8743 0.8624 0.8499 0.8369
3 0.9919 0.9903 0.9886 0.9866 0.9844 0.9819 0.9792 0.9762 0.9728 0.9692
4 0.9996 0.9995 0.9994 0.9992 0.9990 0.9988 0.9986 0.9983 0.9979 0.9976

5 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

p
d

0.31 0.32 0.33 0.34 0.35 0.36 0.37 0.38 0.39 0.40

0 0.1564 0.1454 0.1350 0.1252 0.1160 0.1074 0.0992 0.0916 0.0845 0.0778
1 0.5077 0.4875 0.4675 0.4478 0.4284 0.4094 0.3907 0.3724 0.3545 0.3370
2 0.8234 0.8095 0.7950 0.7801 0.7648 0.7491 0.7330 0.7165 0.6997 0.6826
3 0.9653 0.9610 0.9564 0.9514 0.9460 0.9402 0.9340 0.9274 0.9204 0.9130
4 0.9971 0.9966 0.9961 0.9955 0.9947 0.9940 0.9931 0.9921 0.9910 0.9898

5 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

p
d

0.41 0.42 0.43 0.44 0.45 0.46 0.47 0.48 0.49 0.50

0 0.0715 0.0656 0.0602 0.0551 0.0503 0.0459 0.0418 0.0380 0.0345 0.0312
1 0.3199 0.3033 0.2871 0.2714 0.2562 0.2415 0.2272 0.2135 0.2002 0.1875
2 0.6651 0.6475 0.6295 0.6114 0.5931 0.5747 0.5561 0.5375 0.5187 0.5000
3 0.9051 0.8967 0.8879 0.8786 0.8688 0.8585 0.8478 0.8365 0.8247 0.8125
4 0.9884 0.9869 0.9853 0.9835 0.9815 0.9794 0.9771 0.9745 0.9718 0.9688

P(X … 2 | 5, 0.40) = 0.6826

P(X Ú x/n, p) =
x

n
pxqn - xπ( )

0 1 2 3 4 5

x

x = 0

APPENDIX 4
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n = 5

p
d

0.41 0.42 0.43 0.44 0.45 0.46 0.47 0.48 0.49 0.50

5 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

n = 6

p
d

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

0 0.9415 0.8858 0.8330 0.7828 0.7351 0.6899 0.6470 0.6064 0.5679 0.5314
1 0.9985 0.9943 0.9875 0.9784 0.9672 0.9541 0.9392 0.9227 0.9048 0.8857
2 1.0000 0.9998 0.9995 0.9988 0.9978 0.9962 0.9942 0.9915 0.9882 0.9841
3 1.0000 1.0000 1.0000 1.0000 0.9999 0.9998 0.9997 0.9995 0.9992 0.9987
4 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999

5 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

p
d

0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19 0.20

0 0.4970 0.4644 0.4336 0.4046 0.3771 0.3513 0.3269 0.3040 0.2824 0.2621
1 0.8655 0.8444 0.8224 0.7997 0.7765 0.7528 0.7287 0.7044 0.6799 0.6554
2 0.9794 0.9739 0.9676 0.9605 0.9527 0.9440 0.9345 0.9241 0.9130 0.9011
3 0.9982 0.9975 0.9966 0.9955 0.9941 0.9925 0.9906 0.9884 0.9859 0.9830
4 0.9999 0.9999 0.9998 0.9997 0.9996 0.9995 0.9993 0.9990 0.9987 0.9984

5 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999
6 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

p
d

0.21 0.22 0.23 0.24 0.25 0.26 0.27 0.28 0.09 0.30

0 0.2431 0.2252 0.2084 0.1927 0.1780 0.1642 0.1513 0.1393 0.1281 0.1176
1 0.6308 0.6063 0.5820 0.5578 0.5339 0.5104 0.4872 0.4644 0.4420 0.4202
2 0.8885 0.8750 0.8609 0.8461 0.8306 0.8144 0.7977 0.7804 0.7626 0.7443
3 0.9798 0.9761 0.9720 0.9674 0.9624 0.9569 0.9508 0.9443 0.9372 0.9295
4 0.9980 0.9975 0.9969 0.9962 0.9954 0.9944 0.9933 0.9921 0.9907 0.9891

5 0.9999 0.9999 0.9999 0.9998 0.9998 0.9997 0.9996 0.9995 0.9994 0.9993
6 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

p
d

0.31 0.32 0.33 0.34 0.35 0.36 0.37 0.38 0.39 0.40

0 0.1079 0.0989 0.0905 0.0827 0.0754 0.0687 0.0625 0.0568 0.0515 0.0467
1 0.3988 0.3780 0.3578 0.3381 0.3191 0.3006 0.2828 0.2657 0.2492 0.2333
2 0.7256 0.7064 0.6870 0.6672 0.6471 0.6268 0.6063 0.5857 0.5650 0.5443
3 0.9213 0.9125 0.9031 0.8931 0.8826 0.8714 0.8596 0.8473 0.8343 0.8208
4 0.9873 0.9852 0.9830 0.9805 0.9777 0.9746 0.9712 0.9675 0.9635 0.9590

5 0.9991 0.9989 0.9987 0.9985 0.9982 0.9978 0.9974 0.9970 0.9965 0.9959
6 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

p
d

0.41 0.42 0.43 0.44 0.45 0.46 0.47 0.48 0.49 0.50

0 0.0422 0.0381 0.0343 0.0308 0.0277 0.0248 0.0222 0.0198 0.0176 0.0156
1 0.2181 0.2035 0.1895 0.1762 0.1636 0.1515 0.1401 0.1293 0.1190 0.1094
2 0.5236 0.5029 0.4823 0.4618 0.4415 0.4214 0.4015 0.3820 0.3627 0.3437
3 0.8067 0.7920 0.7768 0.7610 0.7447 0.7280 0.7107 0.6930 0.6748 0.6562
4 0.9542 0.9490 0.9434 0.9373 0.9308 0.9238 0.9163 0.9083 0.8997 0.8906

5 0.9952 0.9945 0.9937 0.9927 0.9917 0.9905 0.9892 0.9878 0.9862 0.9844
6 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

n = 7

p
d

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

0 0.9321 0.8681 0.8080 0.7514 0.6983 0.6485 0.6017 0.5578 0.5168 0.4783
1 0.9980 0.9921 0.9829 0.9706 0.9556 0.9382 0.9187 0.8974 0.8745 0.8503
2 1.0000 0.9997 0.9991 0.9980 0.9962 0.9937 0.9903 0.9860 0.9807 0.9743

(continued)
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n = 7

p
d

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

3 1.0000 1.0000 1.0000 0.9999 0.9998 0.9996 0.9993 0.9998 0.9982 0.9973
4 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999 0.9999 0.9998

5 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

p
d

0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19 0.20

0 0.4423 0.4087 0.3773 0.3479 0.3206 0.2951 0.2714 0.2493 0.2288 0.2097
1 0.8250 0.7988 0.7719 0.7444 0.7166 0.6885 0.6604 0.6323 0.6044 0.5767
2 0.9669 0.9584 0.9487 0.9380 0.9262 0.9134 0.8995 0.8846 0.8687 0.8520
3 0.9961 0.9946 0.9928 0.9906 0.9879 0.9847 0.9811 0.9769 0.9721 0.9687
4 0.9997 0.9996 0.9994 0.9991 0.9988 0.9983 0.9978 0.9971 0.9963 0.9953

5 1.0000 1.0000 1.0000 1.0000 0.9999 0.9999 0.9999 0.9998 0.9997 0.9996
6 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

p
d

0.21 0.22 0.23 0.24 0.25 0.26 0.27 0.28 0.29 0.30

0 0.1920 0.1757 0.1605 0.1465 0.1335 0.1215 0.1105 0.1003 0.0910 0.0824
1 0.5494 0.5225 0.4960 0.4702 0.4449 0.4204 0.3965 0.3734 0.3510 0.3294
2 0.8343 0.8159 0.7967 0.7769 0.7564 0.7354 0.7139 0.6919 0.6696 0.6471
3 0.9606 0.9539 0.9464 0.9383 0.9294 0.9198 0.9095 0.8984 0.8866 0.8740
4 0.9942 0.9928 0.9912 0.9893 0.9871 0.9847 0.9819 0.9787 0.9752 0.9712

5 0.9995 0.9994 0.9992 0.9989 0.9987 0.9983 0.9979 0.9974 0.9969 0.9962
6 1.0000 1.0000 1.0000 1.0000 0.9999 0.9999 0.9999 0.9999 0.9998 0.9998
7 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

p
d

0.31 0.32 0.33 0.34 0.35 0.36 0.37 0.38 0.39 0.40

0 0.0745 0.0672 0.0606 0.0546 0.0490 0.0440 0.0394 0.0352 0.0314 0.0280
1 0.3086 0.2887 0.2696 0.2513 0.2338 0.2172 0.2013 0.1863 0.1721 0.1586
2 0.6243 0.6013 0.5783 0.5553 0.5323 0.5094 0.4868 0.4641 0.4419 0.4199
3 0.8606 0.8466 0.8318 0.8163 0.8002 0.7833 0.7659 0.7479 0.7293 0.7102
4 0.9668 0.9620 0.9566 0.9508 0.9444 0.9375 0.9299 0.9218 0.9131 0.9037

5 0.9954 0.9945 0.9935 0.9923 0.9910 0.9895 0.9877 0.9858 0.9836 0.9812
6 0.9997 0.9997 0.9996 0.9995 0.9994 0.9992 0.9991 0.9989 0.9986 0.9984
7 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

p
d

0.41 0.42 0.43 0.44 0.45 0.46 0.47 0.48 0.49 0.50

0 0.0249 0.0221 0.0195 0.0173 0.0152 0.0134 0.0117 0.0103 0.0090 0.0078
1 0.1459 0.1340 0.1228 0.1123 0.1024 0.0932 0.0847 0.0767 0.0693 0.0625
2 0.3983 0.3771 0.3564 0.3362 0.3164 0.2973 0.2787 0.2607 0.2433 0.2266
3 0.6906 0.6706 0.6502 0.6294 0.6083 0.5869 0.5654 0.5437 0.5219 0.5000
4 0.8937 0.8831 0.8718 0.8598 0.8471 0.8337 0.8197 0.8049 0.7895 0.7734

5 0.9784 0.9754 0.9721 0.9684 0.9643 0.9598 0.9549 0.9496 0.9438 0.9375
6 0.9981 0.9977 0.9973 0.9968 0.9963 0.9956 0.9949 0.9941 0.9932 0.9922
7 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

n = 8

p
d

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

0 0.9227 0.8508 0.7837 0.7214 0.6634 0.6096 0.5596 0.5132 0.4703 0.4305
1 0.9973 0.9897 0.9777 0.9619 0.9428 0.9208 0.8965 0.8702 0.8423 0.8131
2 0.9999 0.9996 0.9987 0.9969 0.9942 0.9904 0.9853 0.9789 0.9711 0.9619
3 1.0000 1.0000 0.9999 0.9998 0.9996 0.9993 0.9987 0.9978 0.9966 0.9950
4 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999 0.9999 0.9997 0.9996

5 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

Cumulative Binomial Probability Distribution (continued )
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n = 8

p
d

0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19 0.20

0 0.3937 0.3596 0.3282 0.2992 0.2725 0.2479 0.2252 0.2044 0.1853 0.1678
1 0.7829 0.7520 0.7206 0.6889 0.6572 0.6256 0.5943 0.5634 0.5330 0.5033
2 0.9513 0.9392 0.9257 0.9109 0.8948 0.8774 0.8588 0.8392 0.8185 0.7969
3 0.9929 0.9903 0.9871 0.9832 0.9786 0.9733 0.9672 0.9603 0.9524 0.9437
4 0.9993 0.9990 0.9985 0.9979 0.9971 0.9962 0.9950 0.9935 0.9917 0.9896

5 1.0000 0.9999 0.9999 0.9998 0.9998 0.9997 0.9995 0.9993 0.9991 0.9988
6 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999 0.9999
7 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

p
d

0.21 0.22 0.23 0.24 0.25 0.26 0.27 0.28 0.29 0.30

0 0.1517 0.1370 0.1236 0.1113 0.1001 0.8990 0.0806 0.0722 0.0646 0.0576
1 0.4743 0.4462 0.4189 0.3925 0.3671 0.3427 0.3193 0.2969 0.2756 0.2553
2 0.7745 0.7514 0.7276 0.7033 0.6785 0.6535 0.6282 0.6027 0.5772 0.5518
3 0.9341 0.9235 0.9120 0.8996 0.8862 0.8719 0.8567 0.8406 0.8237 0.8059
4 0.9871 0.9842 0.9809 0.9770 0.9727 0.9678 0.9623 0.9562 0.9495 0.9420

5 0.9984 0.9979 0.9973 0.9966 0.9958 0.9948 0.9936 0.9922 0.9906 0.9887
6 0.9999 0.9998 0.9998 0.9997 0.9996 0.9995 0.9994 0.9992 0.9990 0.9987
7 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999 0.9999
8 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

p
d

0.31 0.32 0.33 0.34 0.35 0.36 0.37 0.38 0.39 0.40

0 0.0514 0.0457 0.0406 0.0360 0.0319 0.0281 0.0248 0.0218 0.0192 0.0168
1 0.2360 0.2178 0.2006 0.1844 0.1691 0.1548 0.1414 0.1289 0.1172 0.1064
2 0.5264 0.5013 0.4764 0.4519 0.4278 0.4042 0.3811 0.3585 0.3366 0.3154
3 0.7874 0.7681 0.7481 0.7276 0.7064 0.6847 0.6626 0.6401 0.6172 0.5941
4 0.9339 0.9250 0.9154 0.9051 0.8939 0.8820 0.8693 0.8557 0.8414 0.8263

5 0.9866 0.9841 0.9813 0.9782 0.9747 0.9707 0.9664 0.9615 0.9561 0.9502
6 0.9984 0.9980 0.9976 0.9970 0.9964 0.9957 0.9949 0.9939 0.9928 0.9915
7 0.9999 0.9999 0.9999 0.9998 0.9998 0.9997 0.9996 0.9996 0.9995 0.9993
8 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

p
d

0.41 0.42 0.43 0.44 0.45 0.46 0.47 0.48 0.49 0.50

0 0.0147 0.0128 0.0111 0.0097 0.0084 0.0072 0.0062 0.0053 0.0046 0.0039
1 0.0963 0.0870 0.0784 0.0705 0.0632 0.0565 0.0504 0.0448 0.0398 0.0352
2 0.2948 0.2750 0.2560 0.2376 0.2201 0.2034 0.1875 0.1724 0.1581 0.1445
3 0.5708 0.5473 0.5238 0.5004 0.4770 0.4537 0.4306 0.4078 0.3854 0.3633
4 0.8105 0.7938 0.7765 0.7584 0.7396 0.7202 0.7001 0.6795 0.6584 0.6367

5 0.9437 0.9366 0.9289 0.9206 0.9115 0.9018 0.8914 0.8802 0.8682 0.8555
6 0.9900 0.9883 0.9864 0.9843 0.9819 0.9792 0.9761 0.9728 0.9690 0.9648
7 0.9992 0.9990 0.9988 0.9986 0.9983 0.9980 0.9976 0.9972 0.9967 0.9961
8 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

n = 9

p
d

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

0 0.9135 0.8337 0.7602 0.6925 0.6302 0.5730 0.5204 0.4722 0.4279 0.3874
1 0.9966 0.9869 0.9718 0.9522 0.9288 0.9022 0.8729 0.8417 0.8088 0.7748
2 0.9999 0.9994 0.9980 0.9955 0.9916 0.9862 0.9791 0.9702 0.9595 0.9470
3 1.0000 1.0000 0.9999 0.9997 0.9994 0.9987 0.9977 0.9963 0.9943 0.9917
4 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999 0.9998 0.9997 0.9995 0.9991

5 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999
6 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

p
d

0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19 0.20

0 0.3504 0.3165 0.2855 0.2573 0.2316 0.2082 0.1869 0.1676 0.1501 0.1342
1 0.7401 0.7049 0.6696 0.6343 0.5995 0.5652 0.5315 0.4988 0.4670 0.4362
2 0.9327 0.9167 0.8991 0.8798 0.8591 0.8371 0.8139 0.7895 0.7643 0.7382

(continued)
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n = 9

p
d

0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19 0.20

3 0.9883 0.9842 0.9791 0.9731 0.9661 0.9580 0.9488 0.9385 0.9270 0.9144
4 0.9986 0.9979 0.9970 0.9959 0.9944 0.9925 0.9902 0.9875 0.9842 0.9804

5 0.9999 0.9998 0.9997 0.9996 0.9994 0.9991 0.9987 0.9983 0.9977 0.9969
6 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999 0.9999 0.9998 0.9998 0.9997
7 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

p
d

0.21 0.22 0.23 0.24 0.25 0.26 0.27 0.28 0.29 0.30

0 0.1199 0.1069 0.0952 0.0846 0.0751 0.0665 0.0589 0.0520 0.0458 0.0404
1 0.4066 0.3782 0.3509 0.3250 0.3003 0.2770 0.2548 0.2340 0.2144 0.1960
2 0.7115 0.6842 0.6566 0.6287 0.6007 0.5727 0.5448 0.5171 0.4898 0.4628
3 0.9006 0.8856 0.8696 0.8525 0.8343 0.8151 0.7950 0.7740 0.7522 0.7297
4 0.9760 0.9709 0.9650 0.9584 0.9511 0.9429 0.9338 0.9238 0.9130 0.9012

5 0.9960 0.9949 0.9935 0.9919 0.9900 0.9878 0.9851 0.9821 0.9787 0.9747
6 0.9996 0.9994 0.9992 0.9990 0.9987 0.9983 0.9978 0.9972 0.9965 0.9957
7 1.0000 1.0000 0.9999 0.9999 0.9999 0.9999 0.9998 0.9997 0.9997 0.9996
8 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

p
d

0.31 0.32 0.33 0.34 0.35 0.36 0.37 0.38 0.39 0.40

0 0.0355 1.0311 0.0272 0.0238 0.0207 0.0180 0.0156 0.0135 0.0117 0.0101
1 0.1788 0.1628 0.1478 0.1339 0.1211 0.1092 0.0983 0.0882 0.0790 0.0705
2 0.4364 0.4106 0.3854 0.3610 0.3373 0.3144 0.2924 0.2713 0.2511 0.2318
3 0.7065 0.6827 0.6585 0.6338 0.6089 0.5837 0.5584 0.5331 0.5078 0.4826
4 0.8885 0.8747 0.8602 0.8447 0.8283 0.8110 0.7928 0.7738 0.7540 0.7334

5 0.9702 0.9652 0.9596 0.9533 0.9464 0.9388 0.9304 0.9213 0.9114 0.9006
6 0.9947 0.9936 0.9922 0.9906 0.9888 0.9867 0.9843 0.9816 0.9785 0.9750
7 0.9994 0.9993 0.9991 0.9989 0.9986 0.9983 0.9979 0.9974 0.9969 0.9962
8 1.0000 1.0000 1.0000 0.9999 0.9999 0.9999 0.9999 0.9998 0.9998 0.9997
9 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

p
d

0.41 0.42 0.43 0.44 0.45 0.46 0.47 0.48 0.49 0.50

0 0.0087 0.0074 0.0064 0.0054 0.0046 0.0039 0.0033 0.0028 0.0023 0.0020
1 0.0628 0.0558 0.0495 0.0437 0.0385 0.0338 0.0296 0.0259 0.0225 0.0195
2 0.2134 0.1961 0.1796 0.1641 0.1495 0.1358 0.1231 0.1111 0.1001 0.0898
3 0.4576 0.4330 0.4087 0.3848 0.3614 0.3386 0.3164 0.2948 0.2740 0.2539
4 0.7122 0.6903 0.6678 0.6449 0.6214 0.5976 0.5735 0.5491 0.5246 0.5000

5 0.8891 0.8767 0.8634 0.8492 0.8342 0.8183 0.8015 0.7839 0.7654 0.7461
6 0.9710 0.9666 0.9617 0.9563 0.9502 0.9436 0.9363 0.9283 0.9196 0.9102
7 0.9954 0.9945 0.9935 0.9923 0.9909 0.9893 0.9875 0.9855 0.9831 0.9805
8 0.9997 0.9996 0.9995 0.9994 0.9992 0.9991 0.9989 0.9986 0.9984 0.9980
9 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

n = 10

p
d

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

0 0.9044 0.8171 0.7374 0.6648 0.5987 0.5386 0.4840 0.4344 0.3894 0.3487
1 0.9957 0.9838 0.9655 0.9418 0.9139 0.8824 0.8483 0.8121 0.7746 0.7361
2 0.9999 0.9991 0.9972 0.9938 0.9885 0.9812 0.9717 0.9599 0.9460 0.9298
3 1.0000 1.0000 0.9999 0.9996 0.9990 0.9980 0.9964 0.9942 0.9912 0.9872
4 1.0000 1.0000 1.0000 1.0000 0.9999 0.9998 0.9997 0.9994 0.9990 0.9984

5 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999 0.9999
6 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

p
d

0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19 0.20

0 0.3118 0.2785 0.2484 0.2213 0.1969 0.1749 0.1552 0.1374 0.1216 0.1074
1 0.6972 0.6583 0.6196 0.5816 0.5443 0.5080 0.4730 0.4392 0.4068 0.3758

Cumulative Binomial Probability Distribution (continued )
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n = 10

p
d

0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19 0.20

2 0.9116 0.8913 0.8692 0.8455 0.8202 0.7936 0.7659 0.7372 0.7078 0.6778
3 0.9822 0.9761 0.9687 0.9600 0.9500 0.9386 0.9259 0.9117 0.8961 0.8791
4 0.9975 0.9963 0.9947 0.9927 0.9901 0.9870 0.9832 0.9787 0.9734 0.9672

5 0.9997 0.9996 0.9994 0.9990 0.9986 0.9980 0.9973 0.9963 0.9951 0.9936
6 1.0000 1.0000 0.9999 0.9999 0.9999 0.9998 0.9997 0.9996 0.9994 0.9991
7 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999 0.9999
8 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

p
d

0.21 0.22 0.23 0.24 0.25 0.26 0.27 0.28 0.29 0.30

0 0.0947 0.0834 0.0733 0.0643 0.0563 0.0492 0.0430 0.0374 0.0326 0.0282
1 0.3464 0.3185 0.2921 0.2673 0.2440 0.2222 0.2019 0.1830 0.1655 0.1493
2 0.6474 0.6169 0.5863 0.5558 0.5256 0.4958 0.4665 0.4378 0.4099 0.3828
3 0.8609 0.8413 0.8206 0.7988 0.7759 0.7521 0.7274 0.7021 0.6761 0.6496
4 0.9601 0.9521 0.9431 0.9330 0.9219 0.9096 0.8963 0.8819 0.8663 0.8497

5 0.9918 0.9896 0.9870 0.9839 0.9803 0.9761 0.9713 0.9658 0.9596 0.9527
6 0.9988 0.9984 0.9979 0.9973 0.9965 0.9955 0.9944 0.9930 0.9913 0.9894
7 0.9999 0.9998 0.9998 0.9997 0.9996 0.9994 0.9993 0.9990 0.9988 0.9984
8 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999 0.9999 0.9999 0.9999
9 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

p
d

0.31 0.32 0.33 0.34 0.35 0.36 0.37 0.38 0.39 0.40

0 0.0245 0.0211 0.0182 0.0157 0.0135 0.0115 0.0098 0.0084 0.0071 0.0060
1 0.1344 0.1206 0.1080 0.0965 0.0860 0.0764 0.0677 0.0598 0.0527 0.0464
2 0.3566 0.3313 0.3070 0.2838 0.2616 0.2405 0.2206 0.2017 0.1840 0.1673
3 0.6228 0.5956 0.5684 0.5411 0.5138 0.4868 0.4600 0.4336 0.4077 0.3823
4 0.8321 0.8133 0.7936 0.7730 0.7515 0.7292 0.7061 0.6823 0.6580 0.6331

5 0.9449 0.9363 0.9268 0.9164 0.9051 0.8928 0.8795 0.8652 0.8500 0.8338
6 0.9871 0.9845 0.9815 0.9780 0.9740 0.9695 0.9644 0.9587 0.9523 0.9452
7 0.9980 0.9975 0.9968 0.9961 0.9952 0.9941 0.9929 0.9914 0.9897 0.9877
8 0.9998 0.9997 0.9997 0.9996 0.9995 0.9993 0.9991 0.9989 0.9986 0.9983
9 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999 0.9999 0.9999

10 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

p
d

0.41 0.42 0.43 0.44 0.45 0.46 0.47 0.48 0.49 0.50

0 0.0051 0.0043 0.0036 0.0030 0.0025 0.0021 0.0017 0.0014 0.0012 0.0010
1 0.0406 0.0355 0.0309 0.0269 0.0233 0.0201 0.0173 0.0148 0.0126 0.0107
2 0.1517 0.1372 0.1236 0.1111 0.0996 0.0889 0.0791 0.0702 0.0621 0.0547
3 0.3575 0.3335 0.3102 0.2877 0.2660 0.2453 0.2255 0.2067 0.1888 0.1719
4 0.6078 0.5822 0.5564 0.5304 0.5044 0.4784 0.4526 0.4270 0.4018 0.3770

5 0.8166 0.7984 0.7793 0.7593 0.7384 0.7168 0.6943 0.6712 0.6474 0.6230
6 0.9374 0.9288 0.9194 0.9092 0.8980 0.8859 0.8729 0.8590 0.8440 0.8281
7 0.9854 0.9828 0.9798 0.9764 0.9726 0.9683 0.9634 0.9580 0.9520 0.9453
8 0.9979 0.9975 0.9969 0.9963 0.9955 0.9946 0.9935 0.9923 0.9909 0.9893
9 0.9999 0.9998 0.9998 0.9997 0.9997 0.9996 0.9995 0.9994 0.9992 0.9990

10 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

n = 11

p
d

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

0 0.8953 0.8007 0.7153 0.6382 0.5688 0.5063 0.4501 0.3996 0.3544 0.3138
1 0.9948 0.9805 0.9587 0.9308 0.8981 0.8618 0.8228 0.7819 0.7399 0.6974
2 0.9998 0.9988 0.9963 0.9917 0.9848 0.9752 0.9630 0.9481 0.9305 0.9104
3 1.0000 1.0000 0.9998 0.9993 0.9984 0.9970 0.9947 0.9915 0.9871 0.9815
4 1.0000 1.0000 1.0000 1.0000 0.9999 0.9997 0.9995 0.9990 0.9983 0.9972

5 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999 0.9998 0.9997
6 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
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Z04_SUMM3273_06_SE_APP4.indd   499 10/31/16   5:46 PM



500 APPENDIX 4

n = 11

p
d

0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19 0.20

0 0.2775 0.2451 0.2161 0.1903 0.1673 0.1469 0.1288 0.1127 0.0985 0.0859
1 0.6548 0.6127 0.5714 0.5311 0.4922 0.4547 0.4189 0.3849 0.3526 0.3221
2 0.8880 0.8634 0.8368 0.8085 0.7788 0.7479 0.7161 0.6836 0.6506 0.6174
3 0.9744 0.9659 0.9558 0.9440 0.9306 0.9514 0.8987 0.8803 0.8603 0.8389
4 0.9958 0.9939 0.9913 0.9881 0.9841 0.9793 0.9734 0.9666 0.9587 0.9496

5 0.9995 0.9992 0.9988 0.9982 0.9973 0.9963 0.9949 0.9932 0.9910 0.9883
6 1.0000 0.9999 0.9999 0.9998 0.9997 0.9995 0.9993 0.9990 0.9986 0.9880
7 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999 0.9999 0.9998 0.9998
8 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

p
d

0.21 0.22 0.23 0.24 0.25 0.26 0.27 0.28 0.29 0.30

0 0.0748 0.0650 0.0564 0.0489 0.0422 0.0364 0.0314 0.0270 0.0231 0.0198
1 0.2935 0.2667 0.2418 0.2186 0.1971 0.1773 0.1590 0.1423 0.1270 0.1130
2 0.5842 0.5512 0.5186 0.4866 0.4552 0.4247 0.3951 0.3665 0.3390 0.3127
3 0.8160 0.7919 0.7667 0.7404 0.7133 0.6854 0.6570 0.6281 0.5889 0.5696
4 0.9393 0.9277 0.9149 0.9008 0.8554 0.8687 0.8507 0.8315 0.8112 0.7897

5 0.9852 0.9814 0.9769 0.9717 0.9657 0.9588 0.9510 0.9423 0.9326 0.9218
6 0.9973 0.9965 0.9954 0.9941 0.9924 0.9905 0.9881 0.9854 0.9821 0.9784
7 0.9997 0.9995 0.9993 0.9991 0.9988 0.9984 0.9979 0.9973 0.9966 0.9957
8 1.0000 1.0000 0.9999 0.9999 0.9999 0.9998 0.9998 0.9997 0.9996 0.9994
9 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

p
d

0.31 0.32 0.33 0.34 0.35 0.36 0.37 0.38 0.39 0.40

0 0.0169 0.0144 0.0122 0.0104 0.0088 0.0074 0.0062 0.0052 0.0044 0.0036
1 0.1003 0.0888 0.0784 0.0690 0.0606 0.0530 0.0463 0.0403 0.0350 0.0302
2 0.2877 0.2639 0.2413 0.2201 0.2001 0.1814 0.1640 0.1478 0.1328 0.1189
3 0.5402 0.5110 0.4821 0.4536 0.4256 0.3981 0.3714 0.3455 0.3204 0.2963
4 0.7672 0.7437 0.7193 0.6941 0.6683 0.6419 0.6150 0.5878 0.5603 0.5328

5 0.9099 0.8969 0.8829 0.8676 0.8513 0.8339 0.8153 0.7957 0.7751 0.7535
6 0.9740 0.9691 0.9634 0.9570 0.9499 0.9419 0.9330 0.9232 0.9124 0.9006
7 0.9946 0.9933 0.9918 0.9899 0.9878 0.9852 0.9823 0.9790 0.9751 0.9707
8 0.9992 0.9990 0.9987 0.9984 0.9980 0.9974 0.9968 0.9961 0.9952 0.9941
9 0.9999 0.9999 0.9999 0.9998 0.9998 0.9997 0.9996 0.9995 0.9994 0.9993

10 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

p
d

0.41 0.42 0.43 0.44 0.45 0.46 0.47 0.48 0.49 0.50

0 0.0030 0.0025 0.0021 0.0017 0.0014 0.0011 0.0009 0.0008 0.0006 0.0005
1 0.0261 0.0224 0.0192 0.0164 0.0139 0.0118 0.0100 0.0084 0.0070 0.0059
2 0.1062 0.0945 0.0838 0.0740 0.0652 0.0572 0.0501 0.0436 0.0378 0.0327
3 0.2731 0.2510 0.2300 0.2100 0.1911 0.1734 0.1567 0.1412 0.1267 0.1133
4 0.5052 0.4777 0.4505 0.4236 0.3971 0.3712 0.3459 0.3213 0.2974 0.2744

5 0.7310 0.7076 0.6834 0.6586 0.6331 0.6071 0.5807 0.5540 0.5271 0.5000
6 0.8879 0.8740 0.8592 0.8432 0.8262 0.8081 0.7890 0.7688 0.7477 0.7256
7 0.9657 0.9601 0.9539 0.9468 0.9390 0.9304 0.9209 0.9105 0.8991 0.8867
8 0.9928 0.9913 0.9896 0.9875 0.9852 0.9825 0.9794 0.9759 0.9718 0.9673
9 0.9991 0.9988 0.9986 0.9982 0.9978 0.9973 0.9967 0.9960 0.9951 0.9941

10 0.9999 0.9999 0.9999 0.9999 0.9998 0.9998 0.9998 0.9997 0.9996 0.9995
11 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

n = 12

p
d

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

0 0.8864 0.7847 0.6938 0.6127 0.5404 0.4759 0.4186 0.3677 0.3225 0.2824
1 0.9938 0.9769 0.9514 0.9191 0.8816 0.8405 0.7967 0.7513 0.7052 0.6590
2 0.9998 0.9985 0.9952 0.9893 0.9804 0.9684 0.9532 0.9348 0.9134 0.8891
3 1.0000 0.9999 0.9997 0.9990 0.9978 0.9957 0.9925 0.9880 0.9820 0.9744
4 1.0000 1.0000 1.0000 0.9999 0.9998 0.9996 0.9991 0.9984 0.9973 0.9957

Cumulative Binomial Probability Distribution (continued )
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n = 12

p
d

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

5 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999 0.9998 0.9997 0.9995
6 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999
7 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

p
d

0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19 0.20

0 0.2470 0.2157 0.1880 0.1637 0.1422 0.1234 0.1069 0.0924 0.0798 0.0687
1 0.6133 0.5686 0.5252 0.4834 0.4435 0.4055 0.3696 0.3359 0.3043 0.2749
2 0.8623 0.8333 0.8023 0.7697 0.7358 0.7010 0.6656 0.6298 0.5940 0.5583
3 0.9649 0.9536 0.9403 0.9250 0.9078 0.8886 0.8676 0.8448 0.8205 0.7946
4 0.9935 0.9905 0.9867 0.9819 0.9761 0.9690 0.9607 0.9511 0.9400 0.9274

5 0.9991 0.9986 0.9978 0.9967 0.9954 0.9935 0.9912 0.9884 0.9849 0.9806
6 0.9999 0.9998 0.9997 0.9996 0.9993 0.9990 0.9985 0.9979 0.9971 0.9961
7 1.0000 1.0000 1.0000 1.0000 0.9999 0.9999 0.9998 0.9997 0.9996 0.9994
8 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999
9 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

p
d

0.21 0.22 0.23 0.24 0.25 0.26 0.27 0.28 0.29 0.30

0 0.0591 0.0507 0.0434 0.0371 0.0317 0.0270 0.0229 0.0194 0.0164 0.0138
1 0.2476 0.2224 0.1991 0.1778 0.1584 0.1406 0.1245 0.1100 0.0968 0.0850
2 0.5232 0.4886 0.4550 0.4222 0.3907 0.3603 0.3313 0.3037 0.2775 0.2528
3 0.7674 0.7390 0.7096 0.6795 0.6488 0.6176 0.5863 0.5548 0.5235 0.4925
4 0.9134 0.8979 0.8808 0.8623 0.8424 0.8210 0.7984 0.7746 0.7496 0.7237

5 0.9755 0.9696 0.9626 0.9547 0.9456 0.9354 0.9240 0.9113 0.8974 0.8822
6 0.9948 0.9932 0.9911 0.9887 0.9857 0.9822 0.9781 0.9733 0.9678 0.9614
7 0.9992 0.9989 0.9984 0.9979 0.9972 0.9964 0.9953 0.9940 0.9924 0.9905
8 0.9999 0.9999 0.9998 0.9997 0.9996 0.9995 0.9993 0.9990 0.9987 0.9983
9 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999 0.9999 0.9999 0.9998 0.9998

10 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

p
d

0.31 0.32 0.33 0.34 0.35 0.36 0.37 0.38 0.39 0.40

0 0.0116 0.0098 0.0082 0.0068 0.0057 0.0047 0.0039 0.0032 0.0027 0.0022
1 0.0744 0.0650 0.0565 0.0491 0.0424 0.0366 0.0315 0.0270 0.0230 0.0196
2 0.2296 0.2078 0.1876 0.1687 0.1513 0.1352 0.1205 0.1069 0.0946 0.0834
3 0.4619 0.4319 0.4027 0.3742 0.3467 0.3201 0.2947 0.2704 0.2472 0.2253
4 0.6968 0.6692 0.6410 0.6124 0.5833 0.5541 0.5249 0.4957 0.4668 0.4382

5 0.8657 0.8479 0.8289 0.8087 0.7873 0.7648 0.7412 0.7167 0.6913 0.6652
6 0.9542 0.9460 0.9368 0.9266 0.9154 0.9030 0.8894 0.8747 0.8589 0.8418
7 0.9882 0.9856 0.9824 0.9787 0.9745 0.9696 0.9641 0.9578 0.9507 0.9427
8 0.9978 0.9972 0.9964 0.9955 0.9944 0.9930 0.9915 0.9896 0.9873 0.9847
9 0.9997 0.9996 0.9995 0.9993 0.9992 0.9989 0.9986 0.9982 0.9978 0.9972

10 1.0000 1.0000 1.0000 0.9999 0.9999 0.9999 0.9999 0.9998 0.9998 0.9997
11 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

p
d

0.41 0.42 0.43 0.44 0.45 0.46 0.47 0.48 0.49 0.50

0 0.0018 0.0014 0.0012 0.0010 0.0008 0.0006 0.0005 0.0004 0.0003 0.0002
1 0.0166 0.0140 0.0118 0.0099 0.0083 0.0069 0.0057 0.0047 0.0039 0.0032
2 0.0733 0.0642 0.0560 0.0487 0.0421 0.0363 0.0312 0.0267 0.0227 0.0193
3 0.2047 0.1853 0.1671 0.1502 0.1345 0.1199 0.1066 0.0943 0.0832 0.0730
4 0.4101 0.3825 0.3557 0.3296 0.3044 0.2802 0.2570 0.2348 0.2138 0.1938

5 0.6384 0.6111 0.5833 0.5552 0.5269 0.4986 0.4703 0.4423 0.4145 0.3872
6 0.8235 0.8041 0.7836 0.7620 0.7393 0.7157 0.6911 0.6657 0.6396 0.6128
7 0.9338 0.9240 0.9131 0.9012 0.8883 0.8742 0.8589 0.8425 0.8249 0.8062
8 0.9817 0.9782 0.9742 0.9696 0.9644 0.9585 0.9519 0.9445 0.9362 0.9270
9 0.9965 0.9957 0.9947 0.9935 0.9921 0.9905 0.9886 0.9883 0.9837 0.9807

(continued)
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502 APPENDIX 4

n = 12

p
d

0.41 0.42 0.43 0.44 0.45 0.46 0.47 0.48 0.49 0.50

10 0.9996 0.9995 0.9993 0.9991 0.9989 0.9986 0.9983 0.9979 0.9974 0.9968
11 1.0000 1.0000 1.0000 0.9999 0.9999 0.9999 0.9999 0.9999 0.9998 0.9998
12 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

n = 13

p
d

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

0 0.8775 0.7690 0.6730 0.5882 0.5133 0.4474 0.3893 0.3383 0.2935 0.2542
1 0.9928 0.9730 0.9436 0.9068 0.8646 0.8186 0.7702 0.7206 0.6707 0.6213
2 0.9997 0.9980 0.9938 0.9865 0.9755 0.9608 0.9422 0.9201 0.8946 0.8661
3 1.0000 0.9999 0.9995 0.9986 0.9969 0.9940 0.9897 0.9837 0.9758 0.9658
4 1.0000 1.0000 1.0000 0.9999 0.9997 0.9993 0.9987 0.9976 0.9959 0.9935

5 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999 0.9999 0.9997 0.9995 0.9991
6 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999 0.9999
7 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

p
d

0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19 0.20

0 0.2198 0.1898 0.1636 0.1408 0.1209 0.1037 0.0887 0.0758 0.0646 0.0550
1 0.5730 0.5262 0.4814 0.4386 0.3983 0.3604 0.3249 0.2920 0.2616 0.2336
2 0.8349 0.8015 0.7663 0.7296 0.6920 0.6537 0.6152 0.5769 0.5389 0.5017
3 0.9536 0.9391 0.9224 0.9033 0.8820 0.8586 0.8333 0.8061 0.7774 0.7473
4 0.9903 0.9861 0.9807 0.9740 0.9658 0.9562 0.9449 0.9319 0.9173 0.9009

5 0.9985 0.9976 0.9964 0.9947 0.9925 0.9896 0.9861 0.9817 0.9763 0.9700
6 0.9998 0.9997 0.9995 0.9992 0.9987 0.9981 0.9973 0.9962 0.9948 0.9930
7 1.0000 1.0000 0.9999 0.9999 0.9998 0.9997 0.9996 0.9994 0.9991 0.9988
8 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999 0.9999 0.9998
9 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

p
d

0.21 0.22 0.23 0.24 0.25 0.26 0.27 0.28 0.29 0.30

0 0.0467 0.0396 0.0334 0.0282 0.0238 0.0200 0.0167 0.0140 0.0117 0.0097
1 0.2080 0.1846 0.1633 0.1441 0.1267 0.1111 0.0971 0.0846 0.0735 0.0637
2 0.4653 0.4301 0.3961 0.3636 0.3326 0.3032 0.2755 0.2495 0.2251 0.2025
3 0.7161 0.6839 0.6511 0.6178 0.5843 0.5507 0.5174 0.4845 0.4522 0.4206
4 0.8827 0.8629 0.8415 0.8184 0.7940 0.7681 0.7411 0.7130 0.6840 0.6543

5 0.9625 0.9538 0.9438 0.9325 0.9198 0.9056 0.8901 0.8730 0.8545 0.8346
6 0.9907 0.9880 0.9846 0.9805 0.9757 0.9701 0.9635 0.9560 0.9473 0.9376
7 0.9983 0.9976 0.9968 0.9957 0.9944 0.9927 0.9907 0.9882 0.9853 0.9818
8 0.9998 0.9996 0.9995 0.9993 0.9990 0.9987 0.9982 0.9976 0.9969 0.9960
9 1.0000 1.0000 0.9999 0.9999 0.9999 0.9998 0.9997 0.9996 0.9995 0.9993

10 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999 0.9999
11 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

p
d

0.31 0.32 0.33 0.34 0.35 0.36 0.37 0.38 0.39 0.40

0 0.0080 0.0066 0.0055 0.0045 0.0037 0.0030 0.0025 0.0020 0.0016 0.0013
1 0.0550 0.0473 0.0406 0.0347 0.0296 0.0251 0.0213 0.0179 0.0151 0.0126
2 0.1815 0.1621 0.1443 0.1280 0.1132 0.0997 0.0875 0.0765 0.0667 0.0579
3 0.3899 0.3602 0.3317 0.3043 0.2783 0.2536 0.2302 0.2083 0.1877 0.1686
4 0.6240 0.5933 0.5624 0.5314 0.5005 0.4699 0.4397 0.4101 0.3812 0.3530

5 0.8133 0.7907 0.7669 0.7419 0.7159 0.6889 0.6612 0.6327 0.6038 0.5744
6 0.9267 0.9146 0.9012 0.8865 0.8705 0.8532 0.8346 0.8147 0.7935 0.7712
7 0.9777 0.9729 0.9674 0.9610 0.9538 0.9456 0.9365 0.9262 0.9149 0.9023
8 0.9948 0.9935 0.9918 0.9898 0.9874 0.9846 0.9813 0.9775 0.9730 0.9679
9 0.9991 0.9988 0.9985 0.9980 0.9975 0.9968 0.9960 0.9949 0.9937 0.9922

10 0.9999 0.9999 0.9998 0.9997 0.9997 0.9995 0.9994 0.9992 0.9990 0.9987
11 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999 0.9999 0.9999 0.9999
12 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

Cumulative Binomial Probability Distribution (continued )
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APPENDIX 4    503

n = 13

p
d

0.41 0.42 0.43 0.44 0.45 0.46 0.47 0.48 0.49 0.50

0 0.0010 0.0008 0.0007 0.0005 0.0004 0.0003 0.0003 0.0002 0.0002 0.0001
1 0.0105 0.0088 0.0072 0.0060 0.0049 0.0040 0.0033 0.0026 0.0021 0.0017
2 0.0501 0.0431 0.0370 0.0316 0.0269 0.0228 0.0192 0.0162 0.0135 0.0112
3 0.1508 0.1344 0.1193 0.1055 0.0929 0.0815 0.0712 0.0619 0.0536 0.0461
4 0.3258 0.2997 0.2746 0.2507 0.2279 0.2065 0.1863 0.1674 0.1498 0.1334
5 0.5448 0.5151 0.4854 0.4559 0.4268 0.3981 0.3701 0.3427 0.3162 0.2905

6 0.7476 0.7230 0.6975 0.6710 0.6437 0.6158 0.5873 0.5585 0.5293 0.5000
7 0.8886 0.8736 0.8574 0.8400 0.8212 0.8012 0.7800 0.7576 0.7341 0.7095
8 0.9621 0.9554 0.9480 0.9395 0.9302 0.9197 0.9082 0.8955 0.8817 0.8666
9 0.9904 0.9883 0.9859 0.9830 0.9797 0.9758 0.9713 0.9662 0.9604 0.9539

10 0.9983 0.9979 0.9973 0.9967 0.9959 0.9949 0.9937 0.9923 0.9907 0.9888
11 0.9998 0.9998 0.9997 0.9996 0.9995 0.9993 0.9991 0.9989 0.9986 0.9983
12 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999 0.9999 0.9999 0.9999
13 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

n = 14

p
d

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

0 0.8687 0.7536 0.6528 0.5647 0.4877 0.4205 0.3620 0.3112 0.2670 0.2288
1 0.9916 0.9690 0.9355 0.8941 0.8470 0.7963 0.7436 0.6900 0.6368 0.5846
2 0.9997 0.9975 0.9923 0.9833 0.9699 0.9522 0.9302 0.9042 0.8745 0.8416
3 1.0000 0.9999 0.9994 0.9981 0.9958 0.9920 0.9864 0.9786 0.9685 0.9559
4 1.0000 1.0000 1.0000 0.9998 0.9996 0.9990 0.9980 0.9965 0.9941 0.9908

5 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999 0.9998 0.9996 0.9992 0.9985
6 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999 0.9998
7 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

p
d

0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19 0.20

0 0.1956 0.1670 0.1423 0.1211 0.1028 0.0871 0.0736 0.0621 0.0523 0.0440
1 0.5342 0.4859 0.4401 0.3969 0.3567 0.3193 0.2848 0.2531 0.2242 0.1979
2 0.8061 0.7685 0.7292 0.6889 0.6479 0.6068 0.5659 0.5256 0.4862 0.4481
3 0.9406 0.9226 0.9021 0.8790 0.8535 0.8258 0.7962 0.7649 0.7321 0.6982
4 0.9863 0.9804 0.9731 0.9641 0.9533 0.9406 0.9259 0.9093 0.8907 0.8702

5 0.9976 0.9962 0.9943 0.9918 0.9885 0.9843 0.9791 0.9727 0.9651 0.9561
6 0.9997 0.9994 0.9991 0.9985 0.9978 0.9968 0.9954 0.9936 0.9913 0.9884
7 1.0000 0.9999 0.9999 0.9998 0.9997 0.9995 0.9992 0.9988 0.9983 0.9976
8 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999 0.9999 0.9998 0.9997 0.9996
9 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

p
d

0.21 0.22 0.23 0.24 0.25 0.26 0.27 0.28 0.29 0.30

0 0.0369 0.0309 0.0258 0.0214 0.0178 0.0148 0.0122 0.0101 0.0083 0.0068
1 0.1741 0.1527 0.1335 0.1163 0.1010 0.0874 0.0754 0.0648 0.0556 0.0475
2 0.4113 0.3761 0.3426 0.3109 0.2811 0.2533 0.2273 0.2033 0.1812 0.1608
3 0.6634 0.6281 0.5924 0.5568 0.5213 0.4864 0.4521 0.4187 0.3863 0.3552
4 0.8477 0.8235 0.7977 0.7703 0.7415 0.7116 0.6807 0.6490 0.6188 0.5842

5 0.9457 0.9338 0.9203 0.9051 0.8883 0.8699 0.8498 0.8282 0.8051 0.7805
6 0.9848 0.9804 0.9752 0.9890 0.9617 0.9533 0.9437 0.9327 0.9204 0.9067
7 0.9967 0.9955 0.9940 0.9921 0.9897 0.9868 0.9833 0.9792 0.9743 0.9685
8 0.9994 0.9992 0.9989 0.9984 0.9978 0.9971 0.9962 0.9950 0.9935 0.9917
9 0.9999 0.9999 0.9998 0.9998 0.9997 0.9995 0.9993 0.9991 0.9988 0.9983

10 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999 0.9999 0.9999 0.9998 0.9998
11 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

p
d

0.31 0.32 0.33 0.34 0.35 0.36 0.37 0.38 0.39 0.40

0 0.0055 0.0045 0.0037 0.0030 0.0024 0.0019 0.0016 0.0012 0.0010 0.0008
1 0.0404 0.0343 0.0290 0.0244 0.0205 0.0172 0.0143 0.0119 0.0098 0.0081

(continued)
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504 APPENDIX 4

n = 14

p
d

0.31 0.32 0.33 0.34 0.35 0.36 0.37 0.38 0.39 0.40

2 0.1423 0.1254 0.1101 0.0963 0.0839 0.0729 0.0630 0.0543 0.0466 0.0398
3 0.3253 0.2968 0.2699 0.2444 0.2205 0.1982 0.1774 0.1582 0.1405 0.1243
4 0.5514 0.5187 0.4862 0.4542 0.4227 0.3920 0.3622 0.3334 0.3057 0.2793

5 0.7546 0.7276 0.6994 0.6703 0.6405 0.6101 0.5792 0.5481 0.5169 0.4859
6 0.8916 0.8750 0.8569 0.8374 0.8164 0.7941 0.7704 0.7455 0.7195 0.6925
7 0.9619 0.9542 0.9455 0.9357 0.9247 0.9124 0.8988 0.8838 0.8675 0.8499
8 0.9895 0.9869 0.9837 0.9800 0.9757 0.9706 0.9647 0.9580 0.9503 0.9417
9 0.9978 0.9971 0.9963 0.9952 0.9940 0.9924 0.9905 0.9883 0.9856 0.9825

10 0.9997 0.9995 0.9994 0.9992 0.9989 0.9986 0.9981 0.9976 0.9969 0.9961
11 1.0000 0.9999 0.9999 0.9999 0.9999 0.9998 0.9997 0.9997 0.9995 0.9994
12 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999
13 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

p
d

0.41 0.42 0.43 0.44 0.45 0.46 0.47 0.48 0.49 0.50

0 0.0006 0.0005 0.0004 0.0003 0.0002 0.0002 0.0001 0.0001 0.0001 0.0001
1 0.0066 0.0054 0.0044 0.0036 0.0029 0.0023 0.0019 0.0015 0.0012 0.0009
2 0.0339 0.0287 0.0242 0.0203 0.0170 0.0142 0.0117 0.0097 0.0079 0.0065
3 0.1095 0.0961 0.0839 0.0730 0.0632 0.0545 0.0468 0.0399 0.0339 0.0287
4 0.2541 0.2303 0.2078 0.1868 0.1672 0.1490 0.1322 0.1167 0.1026 0.0898

5 0.4550 0.4246 0.3948 0.3656 0.3373 0.3100 0.2837 0.2585 0.2346 0.2120
6 0.6645 0.6357 0.6063 0.5764 0.5461 0.5157 0.4852 0.4549 0.4249 0.3953
7 0.8308 0.8104 0.7887 0.7656 0.7414 0.7160 0.6895 0.6620 0.6337 0.6047
8 0.9320 0.9211 0.9090 0.8957 0.8811 0.8652 0.8480 0.8293 0.8094 0.7880
9 0.9788 0.9745 0.9696 0.9639 0.9574 0.9500 0.9417 0.9323 0.9218 0.9102

10 0.9551 0.9939 0.9924 0.9907 0.9886 0.9861 0.9832 0.9798 0.9759 0.9713
11 0.9992 0.9990 0.9987 0.9983 0.9978 0.9973 0.9966 0.9958 0.9947 0.9935
12 0.9999 0.9999 0.9999 0.9998 0.9997 0.9997 0.9996 0.9994 0.9993 0.9991
13 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999
14 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

Cumulative Binomial Probability Distribution (continued )
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The Poisson Distribution

P(c) =
(np)C

c!
 e-np (Cumulative Values Are in Parentheses)

np0
c

0.1 0.2 0.3 0.4 0.5

0 0.905 (0.905) 0.819 (0.819) 0.741 (0.741) 0.670 (0.670) 0.607 (0.607)
1 0.091 (0.996) 0.164 (0.983) 0.222 (0.963) 0.268 (0.938) 0.303 (0.910)
2 0.004 (1.000) 0.016 (0.999) 0.033 (0.996) 0.054 (0.992) 0.076 (0.986)
3 0.010 (1.000) 0.004 (1.000) 0.007 (0.999) 0.013 (0.999)
4 0.001 (1.000) 0.001 (1.000)

np0
c

0.6 0.7 0.8 0.9 1.0

0 0.549 (0.549) 0.497 (0.497) 0.449 (0.449) 0.406 (0.406) 0.368 (0.368)
1 0.329 (0.878) 0.349 (0.845) 0.359 (0.808) 0.366 (0.772) 0.368 (0.736)
2 0.099 (0.977) 0.122 (0.967) 0.144 (0.952) 0.166 (0.938) 0.184 (0.920)
3 0.020 (0.997) 0.028 (0.995) 0.039 (0.991) 0.049 (0.987) 0.061 (0.981)
4 0.003 (1.000) 0.005 (1.000) 0.008 (0.999) 0.011 (0.998) 0.016 (0.997)
5 0.001 (1.000) 0.002 (1.000) 0.003 (1.000)

np0
c

1.1 1.2 1.3 1.4 1.5

0 0.333 (0.333) 0.301 (0.301) 0.273 (0.273) 0.247 (0.247) 0.223 (0.223)
1 0.366 (0.699) 0.361 (0.662) 0.354 (0.627) 0.345 (0.592) 0.335 (0.558)
2 0.201 (0.900) 0.217 (0.879) 0.230 (0.857) 0.242 (0.834) 0.251 (0.809)
3 0.074 (0.974) 0.087 (0.966) 0.100 (0.957) 0.113 (0.947) 0.126 (0.935)
4 0.021 (0.995) 0.026 (0.992) 0.032 (0.989) 0.039 (0.986) 0.047 (0.982)

5 0.004 (0.999) 0.007 (0.999) 0.009 (0.998) 0.011 (0.997) 0.014 (0.996)
6 0.001 (1.000) 0.001 (1.000) 0.002 (1.000) 0.003 (1.000) 0.004 (1.000)

np0
c

1.6 1.7 1.8 1.9 2.0

0 0.202 (0.202) 0.183 (0.183) 0.165 (0.165) 0.150 (0.150) 0.135 (0.135)
1 0.323 (0.525) 0.311 (0.494) 0.298 (0.463) 0.284 (0.434) 0.271 (0.406)
2 0.258 (0.783) 0.264 (0.758) 0.268 (0.731) 0.270 (0.704) 0.271 (0.677)
3 0.138 (0.921) 0.149 (0.907) 0.161 (0.892) 0.171 (0.875) 0.180 (0.857)
4 0.055 (0.976) 0.064 (0.971) 0.072 (0.964) 0.081 (0.956) 0.090 (0.947)

5 0.018 (0.994) 0.022 (0.993) 0.026 (0.990) 0.031 (0.987) 0.036 (0.983)
6 0.005 (0.999) 0.006 (0.999) 0.008 (0.998) 0.010 (0.997) 0.012 (0.995)
7 0.001 (1.000) 0.001 (1.000) 0.002 (1.000) 0.003 (1.000) 0.004 (0.999)
8 0.001 (1.000)

np0
c

2.1 2.2 2.3 2.4 2.5

0 0.123 (0.123) 0.111 (0.111) 0.100 (0.100) 0.091 (0.091) 0.082 (0.082)
1 0.257 (0.380) 0.244 (0.355) 0.231 (0.331) 0.218 (0.309) 0.205 (0.287)
2 0.270 (0.650) 0.268 (0.623) 0.265 (0.596) 0.261 (0.570) 0.256 (0.543)
3 0.189 (0.839) 0.197 (0.820) 0.203 (0.799) 0.209 (0.779) 0.214 (0.757)
4 0.099 (0.938) 0.108 (0.928) 0.117 (0.916) 0.125 (0.904) 0.134 (0.891)

5 0.042 (0.980) 0.048 (0.976) 0.054 (0.970) 0.060 (0.964) 0.067 (0.958)
6 0.015 (0.995) 0.017 (0.993) 0.021 (0.991) 0.024 (0.988) 0.028 (0.986)
7 0.004 (0.999) 0.005 (0.998) 0.007 (0.998) 0.008 (0.996) 0.010 (0.996)
8 0.001 (1.000) 0.002 (1.000) 0.002 (1.000) 0.003 (0.999) 0.003 (0.999)
9 0.001 (1.000) 0.001 (1.000)
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np0
c 2.6 2.7 2.8 2.9 3.0

0 0.074 (0.074) 0.067 (0.067) 0.061 (0.061) 0.055 (0.055) 0.050 (0.050)
1 0.193 (0.267) 0.182 (0.249) 0.170 (0.231) 0.160 (0.215) 0.149 (0.199)
2 0.251 (0.518) 0.245 (0.494) 0.238 (0.469) 0.231 (0.446) 0.224 (0.423)
3 0.218 (0.736) 0.221 (0.715) 0.223 (0.692) 0.224 (0.670) 0.224 (0.647)
4 0.141 (0.877) 0.149 (0.864) 0.156 (0.848) 0.162 (0.832) 0.168 (0.815)

5 0.074 (0.951) 0.080 (0.944) 0.087 (0.935) 0.094 (0.926) 0.101 (0.916)
6 0.032 (0.983) 0.036 (0.980) 0.041 (0.976) 0.045 (0.971) 0.050 (0.966)
7 0.012 (0.995) 0.014 (0.994) 0.016 (0.992) 0.019 (0.990) 0.022 (0.988)
8 0.004 (0.999) 0.005 (0.999) 0.006 (0.998) 0.007 (0.997) 0.008 (0.996)
9 0.001 (1.000) 0.001 (1.000) 0.002 (1.000) 0.002 (0.999) 0.003 (0.999)

10 0.001 (1.000) 0.001 (1.000)

np0

c
3.1 3.2 3.3 3.4 3.5

0 0.045 (0.045) 0.041 (0.041) 0.037 (0.037) 0.033 (0.033) 0.030 (0.030)
1 0.140 (0.185) 0.130 (0.171) 0.122 (0.159) 0.113 (0.146) 0.106 (0.136)
2 0.216 (0.401) 0.209 (0.380) 0.201 (0.360) 0.193 (0.339) 0.185 (0.321)
3 0.224 (0.625) 0.223 (0.603) 0.222 (0.582) 0.219 (0.558) 0.216 (0.537)
4 0.173 (0.798) 0.178 (0.781) 0.182 (0.764) 0.186 (0.744) 0.189 (0.726)

5 0.107 (0.905) 0.114 (0.895) 0.120 (0.884) 0.126 (0.870) 0.132 (0.858)
6 0.056 (0.961) 0.061 (0.956) 0.066 (0.950) 0.071 (0.941) 0.077 (0.935)
7 0.025 (0.986) 0.028 (0.984) 0.031 (0.981) 0.035 (0.976) 0.038 (0.973)
8 0.010 (0.996) 0.011 (0.995) 0.012 (0.993) 0.015 (0.991) 0.017 (0.990)
9 0.003 (0.999) 0.004 (0.999) 0.005 (0.998) 0.006 (0.997) 0.007 (0.997)

10 0.001 (1.000) 0.001 (1.000) 0.002 (1.000) 0.002 (0.999) 0.002 (0.999)
11 0.001 (1.000) 0.001 (1.000)

np0
c

3.6 3.7 3.8 3.9 4.0

0 0.027 (0.027) 0.025 (0.025) 0.022 (0.022) 0.020 (0.020) 0.018 (0.018)
1 0.098 (0.125) 0.091 (0.116) 0.085 (0.107) 0.079 (0.099) 0.073 (0.091)
2 0.177 (0.302) 0.169 (0.285) 0.161 (0.268) 0.154 (0.253) 0.147 (0.238)
3 0.213 (0.515) 0.209 (0.494) 0.205 (0.473) 0.200 (0.453) 0.195 (0.433)
4 0.191 (0.706) 0.193 (0.687) 0.194 (0.667) 0.195 (0.648) 0.195 (0.628)

5 0.138 (0.844) 0.143 (0.830) 0.148 (0.815) 0.152 (0.800) 0.157 (0.785)
6 0.083 (0.927) 0.088 (0.918) 0.094 (0.909) 0.099 (0.899) 0.104 (0.889)
7 0.042 (0.969) 0.047 (0.965) 0.051 (0.960) 0.055 (0.954) 0.060 (0.949)
8 0.019 (0.988) 0.022 (0.987) 0.024 (0.984) 0.027 (0.981) 0.030 (0.979)
9 0.008 (0.996) 0.009 (0.996) 0.010 (0.994) 0.012 (0.993) 0.013 (0.992)

10 0.003 (0.999) 0.003 (0.999) 0.004 (0.998) 0.004 (0.997) 0.005 (0.997)
11 0.001 (1.000) 0.001 (1.000) 0.001 (0.999) 0.002 (0.999) 0.002 (0.999)
12 0.001 (1.000) 0.001 (1.000) 0.001 (1.000)

np0
c

4.1 4.2 4.3 4.4 4.5

0 0.017 (0.017) 0.015 (0.015) 0.014 (0.014) 0.012 (0.012) 0.011 (0.011)
1 0.068 (0.085) 0.063 (0.078) 0.058 (0.072) 0.054 (0.066) 0.050 (0.061)
2 0.139 (0.224) 0.132 (0.210) 0.126 (0.198) 0.119 (0.185) 0.113 (0.174)
3 0.190 (0.414) 0.185 (0.395) 0.180 (0.378) 0.174 (0.359) 0.169 (0.343)
4 0.195 (0.609) 0.195 (0.590) 0.193 (0.571) 0.192 (0.551) 0.190 (0.533)

5 0.160 (0.769) 0.163 (0.753) 0.166 (0.737) 0.169 (0.720) 0.171 (0.704)
6 0.110 (0.879) 0.114 (0.867) 0.119 (0.856) 0.124 (0.844) 0.128 (0.832)
7 0.064 (0.943) 0.069 (0.936) 0.073 (0.929) 0.078 (0.922) 0.082 (0.914)
8 0.033 (0.976) 0.036 (0.972) 0.040 (0.969) 0.043 (0.965) 0.046 (0.960)
9 0.015 (0.991) 0.017 (0.989) 0.019 (0.988) 0.021 (0.986) 0.023 (0.983)

The Poisson Distribution

P(c) =
(np)C

c!
 e-np (Cumulative Values Are in Parentheses) (continued )
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np0

c
4.1 4.2 4.3 4.4 4.5

10 0.006 (0.997) 0.007 (0.996) 0.008 (0.996) 0.009 (0.995) 0.011 (0.994)
11 0.002 (0.999) 0.003 (0.999) 0.003 (0.999) 0.004 (0.999) 0.004 (0.998)
12 0.001 (1.000) 0.001 (1.000) 0.001 (1.000) 0.001 (1.000) 0.001 (0.999)
13 0.001 (1.000)

np0

c
4.6 4.7 4.8 4.9 5.0

0 0.010 (0.010) 0.009 (0.009) 0.008 (0.008) 0.008 (0.008) 0.007 (0.007)
1 0.046 (0.056) 0.043 (0.052) 0.039 (0.047) 0.037 (0.045) 0.034 (0.041)
2 0.106 (0.162) 0.101 (0.153) 0.095 (0.142) 0.090 (0.135) 0.084 (0.125)
3 0.163 (0.325) 0.157 (0.310) 0.152 (0.294) 0.146 (0.281) 0.140 (0.265)
4 0.188 (0.513) 0.185 (0.495) 0.182 (0.476) 0.179 (0.460) 0.176 (0.441)

5 0.172 (0.685) 0.174 (0.669) 0.175 (0.651) 0.175 (0.635) 0.176 (0.617)
6 0.132 (0.817) 0.136 (0.805) 0.140 (0.791) 0.143 (0.778) 0.146 (0.763)
7 0.087 (0.904) 0.091 (0.896) 0.096 (0.887) 0.100 (0.878) 0.105 (0.868)
8 0.050 (0.954) 0.054 (0.950) 0.058 (0.945) 0.061 (0.939) 0.065 (0.933)
9 0.026 (0.980) 0.028 (0.978) 0.031 (0.976) 0.034 (0.973) 0.036 (0.969)

10 0.012 (0.992) 0.013 (0.991) 0.015 (0.991) 0.016 (0.989) 0.018 (0.987)
11 0.005 (0.997) 0.006 (0.997) 0.006 (0.997) 0.007 (0.996) 0.008 (0.995)
12 0.002 (0.999) 0.002 (0.999) 0.002 (0.999) 0.003 (0.999) 0.003 (0.998)
13 0.001 (1.000) 0.001 (1.000) 0.001 (1.000) 0.001 (1.000) 0.001 (0.999)
14 0.001 (1.000)

np0
c 6.0 7.0 8.0 9.0 10.0

0 0.002 (0.002) 0.001 (0.001) 0.000 (0.000) 0.000 (0.000) 0.000 (0.000)
1 0.015 (0.017) 0.006 (0.007) 0.003 (0.003) 0.001 (0.001) 0.000 (0.000)
2 0.045 (0.062) 0.022 (0.029) 0.011 (0.014) 0.005 (0.006) 0.002 (0.002)
3 0.089 (0.151) 0.052 (0.081) 0.029 (0.043) 0.015 (0.021) 0.007 (0.009)
4 0.134 (0.285) 0.091 (0.172) 0.057 (0.100) 0.034 (0.055) 0.019 (0.028)

5 0.161 (0.446) 0.128 (0.300) 0.092 (0.192) 0.061 (0.116) 0.038 (0.066)
6 0.161 (0.607) 0.149 (0.449) 0.122 (0.314) 0.091 (0.091) 0.063 (0.129)
7 0.138 (0.745) 0.149 (0.598) 0.140 (0.454) 0.117 (0.324) 0.090 (0.219)
8 0.103 (0.848) 0.131 (0.729) 0.140 (0.594) 0.132 (0.456) 0.113 (0.332)
9 0.069 (0.917) 0.102 (0.831) 0.124 (0.718) 0.132 (0.588) 0.125 (0.457)

10 0.041 (0.958) 0.071 (0.902) 0.099 (0.817) 0.119 (0.707) 0.125 (0.582)
11 0.023 (0.981) 0.045 (0.947) 0.072 (0.889) 0.097 (0.804) 0.114 (0.696)
12 0.011 (0.992) 0.026 (0.973) 0.048 (0.937) 0.073 (0.877) 0.095 (0.791)
13 0.005 (0.997) 0.014 (0.987) 0.030 (0.967) 0.050 (0.927) 0.073 (0.864)
14 0.002 (0.999) 0.007 (0.994) 0.017 (0.984) 0.032 (0.959) 0.052 (0.916)

15 0.001 (1.000) 0.003 (0.997) 0.009 (0.993) 0.019 (0.978) 0.035 (0.951)
16 0.002 (0.999) 0.004 (0.997) 0.011 (0.989) 0.022 (0.973)
17 0.001 (1.000) 0.002 (0.999) 0.006 (0.995) 0.013 (0.986)
18 0.001 (1.000) 0.003 (0.998) 0.007 (0.993)
19 0.001 (0.999) 0.004 (0.997)

20 0.001 (1.000) 0.002 (0.999)
21 0.001 (1.000)

np0
c 11.0 12.0 13.0 14.0 15.0

0 0.000 (0.000) 0.000 (0.000) 0.000 (0.000) 0.000 (0.000) 0.000 (0.000)
1 0.000 (0.000) 0.000 (0.000) 0.000 (0.000) 0.000 (0.000) 0.000 (0.000)
2 0.001 (0.001) 0.000 (0.000) 0.000 (0.000) 0.000 (0.000) 0.000 (0.000)
3 0.004 (0.005) 0.002 (0.002) 0.001 (0.001) 0.000 (0.000) 0.000 (0.000)
4 0.010 (0.015) 0.005 (0.007) 0.003 (0.004) 0.001 (0.001) 0.001 (0.001)

5 0.022 (0.037) 0.013 (0.020) 0.007 (0.011) 0.004 (0.005) 0.002 (0.003)
6 0.041 (0.078) 0.025 (0.045) 0.015 (0.026) 0.009 (0.014) 0.005 (0.008)

(continued)
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np0
c 11.0 12.0 13.0 14.0 15.0

7 0.065 (0.143) 0.044 (0.089) 0.028 (0.054) 0.017 (0.031) 0.010 (0.018)
8 0.089 (0.232) 0.066 (0.155) 0.046 (0.100) 0.031 (0.062) 0.019 (0.037)
9 0.109 (0.341) 0.087 (0.242) 0.066 (0.166) 0.047 (0.109) 0.032 (0.069)

10 0.119 (0.460) 0.105 (0.347) 0.086 (0.252) 0.066 (0.175) 0.049 (0.118)
11 0.119 (0.579) 0.114 (0.461) 0.101 (0.353) 0.084 (0.259) 0.066 (0.184)
12 0.109 (0.688) 0.114 (0.575) 0.110 (0.463) 0.099 (0.358) 0.083 (0.267)
13 0.093 (0.781) 0.106 (0.681) 0.110 (0.573) 0.106 (0.464) 0.096 (0.363)
14 0.073 (0.854) 0.091 (0.772) 0.102 (0.675) 0.106 (0.570) 0.102 (0.465)

15 0.053 (0.907) 0.072 (0.844) 0.088 (0.763) 0.099 (0.669) 0.102 (0.567)
16 0.037 (0.944) 0.054 (0.898) 0.072 (0.835) 0.087 (0.756) 0.096 (0.663)
17 0.024 (0.968) 0.038 (0.936) 0.055 (0.890) 0.071 (0.827) 0.085 (0.748)
18 0.015 (0.983) 0.026 (0.962) 0.040 (0.930) 0.056 (0.883) 0.071 (0.819)
19 0.008 (0.991) 0.016 (0.978) 0.027 (0.957) 0.041 (0.924) 0.056 (0.875)

20 0.005 (0.996) 0.010 (0.988) 0.018 (0.975) 0.029 (0.953) 0.042 (0.917)
21 0.002 (0.998) 0.006 (0.994) 0.011 (0.986) 0.019 (0.972) 0.030 (0.947)
22 0.001 (0.999) 0.003 (0.997) 0.006 (0.992) 0.012 (0.984) 0.020 (0.967)
23 0.001 (1.000) 0.002 (0.999) 0.004 (0.996) 0.007 (0.991) 0.013 (0.980)
24 0.001 (1.000) 0.002 (0.998) 0.004 (0.995) 0.008 (0.988)

25 0.001 (0.999) 0.003 (0.998) 0.005 (0.993)
26 0.001 (1.000) 0.001 (0.999) 0.003 (0.996)
27 0.001 (1.000) 0.002 (0.998)
28 0.001 (0.999)
29 0.001 (1.000)

(continued)

The Poisson Distribution

P(c) =
(np)C

c!
 e-np (Cumulative Values Are in Parentheses) (continued )
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APPENDIX 6

Websites for Quality

American Society for Quality: www.asq.org

U.S. Commerce Department’s National Institute of 
 Standards: www.nist.gov

International Organization for Standardization  
(ISO 9000 & 14000): www.iso.org

Automotive Industry Action Group: www.aiag.org

Quality Information: www.itl.nist.gov/div898 
/handbook/pmc/pmc_d.htm

Six Sigma Information: www.sixsigma.com,  
www.isixsigma.com

Quality in Healthcare: www.jcaho.org

Information on Quality: www.qualitydigest.com,  
www.quality.org, www.qualityadvisor.com

Discussion Forum: www.insidequality.com

Juran: www.juran.com

European Foundation for Quality Management:  
www.efqm.org

Quality Standards: http://e-standards.asq.org/perl 
/catalog.cgi

American Productivity and Quality Center, 
 Benchmarking Studies: www.apqc.org

Benchmarking Exchange: www.benchnet.com

Lean Manufacturing: www.nwlean.net

Statistical Abstract of the United States: www.census.gov
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Attribute data Go/no-go information. The control charts 
based on attribute data include percent chart, number of 
affected units chart, count chart, count-per-unit chart, 
quality score chart, and demerit chart.

*Audit A systematic appraisal procedure that exam-
ines, evaluates, and verifies that appropriate procedures, 
requirements, checklists, and programs are being followed 
effectively.

*Autonomation Machinery designed not only to make a 
part or product but also to inspect each item after produc-
ing it and alerting a human if an error is detected.

Average chart A control chart in which the subgroup 
average is used to evaluate the stability of the process level.

*Balanced Scorecard Developed by Kaplan and Kaplan, 
a Balanced Scorecard is a method of designing and using 
performance measures to provide feedback in four areas: 
financial, customer, internal processes, and learning and 
growth.

Benchmarking An improvement process in which a com-
pany measures its performance against that of best-in-class 
companies, determines how those companies achieved their 
performance levels, and uses the information to improve its 
own performance. The subjects that can be benchmarked 
include strategies, operations, processes, and procedures.

*Bimodal Distributions with two distinct peaks are 
called bimodal.

*Binomial Probability Distribution The binomial prob-
ability distribution was developed by Sir Isaac Newton to 
categorize the results of a number of repeated trials and the 
outcomes of those trials.

*Black Belt Designation for an improvement project 
team leader in a Six Sigma environment.

Blemish An imperfection that is severe enough to be 
noticed but should not cause any real impairment with 
respect to intended normal or reasonably foreseeable use. 
(See also Defect, Nonconformity.)

*Bottleneck A bottleneck occurs whenever a person or a 
piece of equipment does not have the capacity to fulfill the 
demand placed on it in the required time.

Brainstorming A technique that teams use to generate 
ideas on a particular subject. Each person in the team is 
asked to think creatively and write down as many ideas as 
possible. The ideas are not discussed or reviewed until after 
the brainstorming session.

Accreditation Certification of a duly recognized body of 
the facilities, capability, objectivity, competence, and integ-
rity of an agency, service, or operational group or indi-
vidual to provide the specific service or operation needed. 
For example, the Registrar Accreditation Board accredits 
organizations that register companies to the ISO 9000 
series standards.

*Accredited registrars Persons who perform audits for ISO 
9000 standards. They are certified by a national body (e.g., 
the Registrar Accreditation Board in the United States).

*Accuracy In the quality field, a term that refers to how 
close an observed value is to a true value.

*Activity-based costing An approach to accounting that 
analyzes and assigns costs to make a specific product or 
provide a specific service based on the resources used to 
make the product or provide the service.

*Alignment To create agreement between processes and 
activities supporting an organization’s strategies, objec-
tives, and goals.

American Society for Quality A professional, not-for-
profit association that develops, promotes, and applies 
quality-related information and technology for the private 
sector, government, and academia. The Society serves more 
than 108,000 individuals and 1,000 corporate members in 
the United States and 108 other countries.

*Analysis of means (ANOM) The statistical technique 
used to analyze the results of experiment factors.

*Analysis of variance (ANOVA) The statistical technique 
used to analyze the variation present in experiment data.

*Appraisal costs The costs associated with measuring, 
evaluating, or auditing products or services to make sure 
that they conform to specifications or requirements.

*Assessment An evaluation process that includes docu-
ment reviews, audits, analyses, and reports of findings.

*Assignable cause The source or cause of variation in 
a process that can be identified and then isolated and 
removed from the process. It is not due to chance causes 
and is also termed special cause.

*Attribute Attributes are characteristics associated with 
a product or service.

GLOSSARY

* Definitions of asterisked terms have been provided by the author; 
all others come from “The Quality Glossary,” Quality Progress, June 
2007, pp. 39–59.
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Check sheet A simple data-recording device. The check 
sheet is custom designed by the user, which allows him or 
her to readily interpret the results. The check sheet is one of 
the seven tools of quality. Check sheets are often confused 
with data sheets and checklists.

*Combination When the order in which the items are 
used is not important, the number of possibilities can be 
calculated by using the formula for a combination.

Common causes Causes of variation that are inherent in 
a process over time. They affect every outcome of the pro-
cess and everyone working in the process. (See also Special 
causes.)

Company culture A system of values, beliefs, and behav-
iors inherent in a company. To optimize business per-
formance, top management must define and create the 
necessary culture.

*Compliance Meeting established criteria, specifications, 
terms, standards, or regulations.

Conformance An affirmative indication or judgment that 
a product or service has met the requirements of a relevant 
specification, contract, or regulation.

*Constraint Anything that prevents a system from 
achieving its goal.

Continuous improvement The ongoing improvement of 
products, services, or processes through incremental and 
breakthrough improvements.

*Contributory negligence Occurs when a person’s actions 
contribute to their injury.

Control chart A chart with upper and lower control lim-
its on which values of some statistical measure for a series 
of samples or subgroups are plotted. The chart frequently 
shows a central line to help detect a trend of plotted values 
toward either control limit.

*Control limits Statistically calculated limits placed on a 
control chart. The variability of the process is compared 
with the limits, and special and common causes of varia-
tion are identified.

*Controlled variation Variation present in a process due 
to the very nature of the process. Also termed common 
causes.

Corrective action The implementation of solutions 
resulting in the reduction or elimination of an identified 
problem.

Cost of poor quality The costs associated with providing 
poor-quality products or services. There are four catego-
ries of costs: internal failure costs (costs associated with 
defects found before the customer receives the product or 
service), external failure costs (costs associated with defects 
found after the customer receives the product or service), 
appraisal costs (costs incurred to determine the degree of 
conformance to quality requirements), and prevention 
costs (costs incurred to keep failure and appraisal costs to 
a minimum).

Calibration The comparison of a measurement instru-
ment or system of unverified accuracy to a measurement 
instrument or system of a known accuracy to detect any 
variation from the required performance specification.

*Capability The amount of variation inherent in a stable 
process. Capability is determined using data from control 
charts and histograms from stable processes. When these 
indicate a stable process and a normal distribution, the 
indices Cp and Cpk can be calculated.

*Cause The identified and isolated reason behind a defect 
or problem in a process or product.

Cause-and-effect diagram A tool for analyzing process 
dispersion. It is also referred to as the Ishikawa diagram, 
because Kaoru Ishikawa developed it, and the fishbone 
diagram, because the complete diagram resembles a fish 
skeleton. The diagram illustrates the main causes and sub-
causes leading to an effect (symptom). The cause-and-effect 
diagram is one of the seven tools of quality.

c Chart or count of nonconformities chart A control 
chart for evaluating the stability of a process in terms of 
the count of events of a given classification occurring in a 
sample of constant size.

*Cell An organized arrangement of people, equipment, 
information, and materials that enables parts or products 
to be made in a continuous flow with minimal material 
handling.

*Cell boundary Defines the limits of the cell of a histogram.

*Cell interval The distance between the cell midpoints 
of a histogram.

*Cell midpoint Identifies the centers of cells of a histogram.

*Cellular manufacturing A manufacturing arrangement 
of related cells. Work-in-progress flows from cell to cell in 
an organized arrangement throughout the plant.

*Centerline (CL) Shows where the process average, the 
central tendency of the data, is centered on a control chart.

*Central limit theorem This theorem states that a group 
of sample averages tends to be normally distributed; as the 
sample size n increases, this tendency toward normality 
improves.

*Changeover A changeover occurs when a piece of equip-
ment or a workplace is changed to allow the production 
of a different type of product or service from what was 
previously being produced or provided.

*Changeover time The amount of time it takes to switch 
equipment or people from producing or providing one type 
of product or service to another.

*Characteristic The individual elements that define a 
process, function, product, or service.

Checklist A tool used to ensure that all important steps or 
actions in an operation have been taken. Checklists contain 
items that are important or relevant to an issue or situa-
tion. Checklists are often confused with check sheets and 
data sheets.
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in the future. Although the award is named in honor of W. 
Edwards Deming, its criteria are not specifically related 
to Deming’s teachings. There are three separate divisions 
for the award: the Deming Application Prize, the Deming 
Prize for Individuals, and the Deming Prize for Overseas 
Companies. The award process is overseen by the Deming 
Prize Committee of the Union of Japanese Scientists and 
Engineers in Tokyo.

Deming, W. Edwards (deceased) A prominent consult-
ant, teacher, and author on the subject of quality. After 
Deming shared his expertise in statistical quality control 
to help the U.S. war effort during World War II, the War 
Department sent him to Japan in 1946 to help that nation 
recover from its wartime losses. Deming published more 
than 200 works, including the well-known books Quality, 
Productivity and Competitive Position, and Out of the Cri-
sis. Deming, who developed the 14 points for managing, 
was an ASQC Honorary Member.

*Dependent When the occurrence of one event alters the 
probabilities associated with another event, these events 
are considered dependent.

*Design of experiments (DOE) A method of experiment-
ing with the complex interactions among parameters in a 
process or product with the objective of optimizing the 
process or product.

Documentation Written material describing the methods, 
procedures, or processes to be followed. Documentation 
may also provide supporting evidence that particular pro-
cedures are followed. Documentation may be in the form 
of a quality manual or process operation sheets.

*Downtime Time that is lost when equipment or people 
are not able to function and complete their goals.

80–20 rule A term referring to the Pareto principle, which 
suggests that most effects come from relatively few causes; 
that is, 80 percent of the effects come from 20 percent of 
the possible causes.

Employee involvement A practice within an organization 
whereby employees regularly participate in making deci-
sions on how their work areas operate, including making 
suggestions for improvement, planning, goal setting, and 
monitoring performance.

*Error detection Determining that something has gone 
wrong immediately after its occurrence.

*Error proofing Designing methods or systems that pre-
vent an error from occurring in the first place. Error proof-
ing is also known as mistake proofing.

*Expressed warranty The warranty is part of the terms 
and conditions of sale.

External customer A person or organization who receives 
a product, a service, or information but is not part of the 
organization supplying it. (See also Internal customer.)

*External failure costs The costs that occur when a non-
conforming product or service reaches the customer.

Cp A widely used process capability index. It is expressed as

Cp =
upper specification limit - lower specification limit

6s

Cpk A process capability index showing process centering:

Cpk =
�m - nearer specification limit �

3s

*Crosby, Philip Originated the zero defects concept. He 
has authored many books, including Quality Is Free, Qual-
ity without Tears, Let’s Talk Quality, and Leading: The Art 
of Becoming an Executive.

*Culture The attitudes, beliefs, values, and norms shared 
by a group of individuals.

*Cumulative frequency distribution Shows the cumula-
tive occurrences of all the values; the values from each pre-
ceding cell are added to the next cell until the uppermost 
cell boundary is reached.

Customer delight The result of delivering a product or 
service that exceeds customer expectations.

Customer satisfaction The result of delivering a product 
or service that meets customer requirements.

Customer–supplier partnership A long-term relationship 
between a buyer and a supplier characterized by team-
work and mutual confidence. The supplier is considered 
an extension of the buyer’s organization. The partnership 
is based on several commitments. The buyer provides 
long-term contracts and uses fewer suppliers. The supplier 
implements quality assurance processes so that incom-
ing inspection can be minimized. The supplier also helps 
the buyer reduce costs and improve product and process 
designs.

*Cycle An ordered sequence of activities that is or can 
be repeated.

*Cycle time The time it takes from start to finish to com-
plete a task, create a product, or provide a service.

*Deductive statistics Describe a population or complete 
group of data. Also known as descriptive statistics.

Defect A product’s or service’s nonfulfillment of an 
intended requirement or reasonable expectation for use, 
including safety considerations.

*Defective Term describing a product or service whose 
characteristics do not conform to the requirements placed 
on it.

*Defendant The person or company against whom a 
claim or suit is filed.

Deming cycle See Plan-Do-Study-Act cycle.

Deming Prize An award given annually to organizations 
that, according to the award guidelines, have successfully 
applied companywide quality control based on statistical 
quality control and that will continue the quality control 
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patterns that are difficult to see in a simple table of num-
bers. The histogram is one of the seven tools of quality.

*Homogeneous subgroup Items in the subgroup will have 
been produced under the same conditions, by the same 
machine, the same operator, the same mold, and so on.

*Implied warranty The warranty is implied by law rather 
than by the seller.

*Independent When events are independent, one event 
does not influence the occurrence of another.

*Individuals and moving range charts are created when 
the measurements are single values or when the number of 
products produced is too small to form traditional x and 
R charts.

*Inductive statistics Focus on a limited amount of data 
or a representative sample of the population.

Inspection Measuring, examining, testing, or gauging one 
or more characteristics of a product or service and compar-
ing the results with specified requirements to determine 
whether conformity is achieved for each characteristic.

Instant pudding A term used to illustrate an obstacle to 
achieving quality: the supposition that quality improve-
ment and productivity improvement are achieved quickly 
through an affirmation of faith rather than through suf-
ficient effort and education. W. Edwards Deming used this 
term—which was initially coined by James Bakken of the 
Ford Motor Co.—in his book Out of the Crisis.

*Intangible costs The hidden costs associated with pro-
viding a nonconforming product or service to a customer; 
involve the company’s image.

*Interdisciplinary Problem-solving or Quality Improve-
ment Team This team will be given the task of investi-
gating, analyzing, and finding a solution to the problem 
situation within a specified time frame. The team consists 
of people who have knowledge of the process or problem 
under study.

Internal customer The recipient (person or department) 
of another person’s or department’s output (product, ser-
vice, or information) within an organization. (See also 
External customer.)

*Internal failure A process or product failure that is 
caught before the customer receives the product or before 
the customer receives the service.

*Internal failure costs Those costs associated with prod-
uct nonconformities or service failures found before the 
product is shipped or the service is provided to the cus-
tomer. Internal failure costs are the costs of correcting the 
situation. This failure cost may take the form of scrap, 
rework, remaking, reinspection, or retesting.

Ishikawa diagram See Cause-and-effect diagram.

Ishikawa, Kaoru (deceased) A pioneer in quality control 
activities in Japan. In 1943 he developed the cause-and-
effect diagram. Ishikawa, an ASQC Honorary member, 
published many works, including What Is Total Quality 

*Failure costs The costs that occur when the com-
pleted product or service does not conform to customer 
requirements.

*Failure modes and effects analysis (FMEA) A systematic 
approach to identifying both the ways that a product, part, 
process, or service can fail and the effects of those failures.

Feigenbaum, Armand V. The founder and president of 
General Systems Co., an international engineering com-
pany that designs and implements total quality systems. 
Feigenbaum originated the concept of total quality control 
in his book Total Quality Control, which was published 
in 1951.

*First-pass yield The percentage of items produced that 
meets specifications without being rerun, retested, or 
repaired. To calculate, divide the number of good units by 
the total number of units entering the process.

Fishbone diagram See Cause-and-effect diagram.

Fitness for use A term used to indicate that a product or 
service fits the customer’s defined purpose for that product 
or service.

Flowchart A graphical representation of the steps in a 
process. Flowcharts are drawn to help people better under-
stand processes. The flowchart is one of the seven tools of 
quality.

*Force-field analysis A chart that helps teams separate 
the driving forces and the restraining forces associated with 
a complex situation.

*Fractional factorial design An experiment that studies 
only a fraction or subset of all the possible combinations. 
A selected and controlled multiple number of factors are 
adjusted simultaneously.

*Fraction nonconforming chart Based on the binomial 
distribution, this chart is used to study the proportion of 
nonconforming products or services being provided.

*Frequency diagram Shows the number of times each of 
the measured values occurred when the data were collected.

*Full factorial design This type of experiment consists of 
all possible combinations of all selected levels of the factors 
to be investigated.

Funnel experiment An experiment that demonstrates 
the effects of tampering. Marbles are dropped through a 
funnel in an attempt to hit a flat-surfaced target below. 
The experiment shows that adjusting a stable process to 
compensate for an undesirable result or an extraordinarily 
good result will produce output that is worse than if the 
process had been left alone.

*Green Belt Designation for an improvement team mem-
ber in a Six Sigma environment.

*Grouped data Data are gathered together on the basis 
of when the values were taken or observed.

Histogram A graphic summary of variation in a set of 
data. The pictorial nature of the histogram lets people see 
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*Lean Optimizing the number of parts produced or ser-
vices provided through the elimination of all inappropriate 
non-value-added activities.

*Lean manufacturing The improvement initiatives 
that focus on the elimination of waste from systems and 
processes.

*Leptokurtic A distribution with a high peak is referred 
to as leptokurtic.

*Line balancing A production or service line is consid-
ered balanced when each participant or piece of equipment 
in the line is performing the same amount of work in the 
same time. The work is evenly distributed, thus eliminating 
over- or underutilization of resources.

*Logistics The process of determining the best methods of 
procuring, maintaining, packaging, transporting, and stor-
ing materials and personnel to satisfy customer demand.

Lower control limit (LCL) Control limit for points below 
the central line in a control chart.

Malcolm Baldrige National Quality Award An award 
established by the U.S. Congress in 1987 to raise awareness 
of quality management and to recognize U.S. companies 
that have implemented successful quality management sys-
tems. Two awards may be given annually in each of three 
categories: manufacturing company, service company, and 
small business. The award is named after the late Secretary 
of Commerce Malcolm Baldrige, a proponent of quality 
management. The U.S. Commerce Department’s National 
Institute of Standards and Technology manages the award, 
and ASQC administers it.

*Mean The mean of a series of measurements is deter-
mined by adding the values together and then dividing this 
sum by the total number of values.

*Measurement error The difference between a value 
measured and the true value.

*Measures of central tendency The mean, mode, and 
median are referred to as measures of central tendency since 
they reveal the place where the data tend to be gathered.

*Median The median is the value that divides an ordered 
series of numbers so that there is an equal number of values 
on either side of the center, or median, value.

*Median chart Median charts are created by calculating 
and charting the median of the data.

*Mistake proofing See Error proofing.

*Mode The mode is the most frequently occurring num-
ber in a group of values.

*Moving range Moving ranges are calculated by meas-
uring the value-to-value difference of the individual data.

*Multimodal If a distribution displays more than one 
peak, it is considered multimodal.

*Multi-Vari analysis A tool used to clarify and study the 
spread of individual measurements in a sample and the 
variability due to three or more factors.

Control?, The Japanese Way, Quality Control Circles at 
Work, and Guide to Quality Control. He was a member of 
the quality control research group of the Union of Japanese 
Scientists and Engineers while also working as an assistant 
professor at the University of Tokyo.

ISO 9000 Series Standards A set of five individual but 
related international standards on quality management and 
quality assurance developed to help companies effectively 
document the quality system elements to be implemented 
to maintain an efficient quality system. The standards were 
developed by the International Organization for Standardi-
zation (ISO), a special international agency for standardi-
zation composed of the national standards bodies of 91 
countries.

*ISO 14000 An environmental management standard that 
organizations use to monitor and manage how their organi-
zation’s activities affect the environment around them.

*ISO/TS 16949 The international standard for quality 
management systems used in the manufacture of automo-
biles, subassemblies, components, and parts.

*Joint probability Multiple events can occur at the same 
time.

Juran, Joseph M. (deceased) The chairman emeritus 
of the Juran Institute and an ASQC Honorary Member. 
Since 1924 Juran has pursued a varied career in manage-
ment as an engineer, executive, government administrator, 
university professor, labor arbitrator, corporate director, 
and consultant. Specializing in managing for quality, he 
has authored hundreds of papers and 12 books, including 
Juran’s Quality Control Handbook, Quality Planning and 
Analysis (with F. M. Gryna), and Juran on Leadership for 
Quality.

Just-in-time manufacturing An optimal material require-
ment planning system for a manufacturing process in 
which there is little or no manufacturing material inven-
tory on hand at the manufacturing site and little or no 
incoming inspection.

Kaizen A Japanese term that means gradual unending 
improvement by doing little things better and setting and 
achieving increasingly higher standards. The term was 
made famous by Masaaki Imai in his book Kaizen: The 
Key to Japan’s Competitive Success.

*Kanban A Japanese term for a system, usually a printed 
card, that enables material to flow in an orderly and effi-
cient manner through a manufacturing process.

*Kurtosis The peakedness of the data.

*Lawsuit A civil suit seeking money damages for injuries 
to either a person or property, or both.

LCL See Lower control limit.

Leadership An essential part of a quality improvement 
effort. Organization leaders must establish a vision, com-
municate that vision to those in the organization, and pro-
vide the tools and knowledge necessary to accomplish the 
vision.
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Vilfredo Pareto, suggests that most effects come from rela-
tively few causes; that is, 80 percent of effects come from 
20 percent of the possible causes. The Pareto chart is one 
of the seven tools of quality.

*Parts per million (PPM) A number that describes the 
performance of a process in terms of either actual or pro-
jected defective material.

p Chart The fraction nonconforming chart, or p chart, 
is a control chart used to monitor the proportion noncon-
forming in a lot of goods.

PDSA cycle See Plan-Do-Study-Act cycle.

*Percent nonconforming chart This chart is very similar 
to a fraction nonconforming chart, but here the p values 
are changed to a percentage by multiplying by a factor 
of 100.

*Permutation A permutation is the number of arrange-
ments that n objects can have when r of them are used.

*Plaintiff The injured party of a lawsuit who file suit in 
a court of law.

*Plan-Do-Study-Act Cycle A four-step process for qual-
ity improvement. In the first step (Plan), a plan to effect 
improvement is developed. In the second step (Do), the 
plan is carried out, preferably on a small scale. In the third 
step (Study), the effects of the plan are observed. In the last 
step (Act), the results are studied to determine what was 
learned and what can be predicted. The Plan-Do-Study-Act 
cycle was originally called the Plan-Do-Check-Act cycle, 
but in the early 1990s it was standardized as Plan-Do-
Study-Act. It is still sometimes referred to as the Shewhart 
cycle, because Walter A. Shewhart discussed the concept in 
his book Statistical Method from the Viewpoint of Qual-
ity Control, or as the Deming cycle, because W. Edwards 
Deming introduced the concept in Japan.

*Platykurtic A distribution with a flatter curve is called 
platykurtic.

*Poisson probability distribution Quantifies the count of 
discrete events.

*Population A collection of all possible elements, values, 
or items associated with a situation.

*Precision The ability of a system, process, or activity to 
repeat its actions consistently.

*Precontrol charts Study and compare product produced 
with tolerance limits.

*Prevention costs The costs that occur when actions are 
taken to prevent nonconformities in a system, process, ser-
vice, or product.

Prevention vs. detection A term used to contrast two 
types of quality activities. Prevention refers to those activi-
ties designed to prevent nonconformances in products and 
services. Detection refers to those activities designed to 
detect nonconformances already in products and services. 
Another phrase used to describe this distinction is “design-
ing in quality vs. inspecting in quality.”

*Mutually exclusive Events are considered mutually 
exclusive if they cannot occur simultaneously.

*Negligence Occurs when the person manufacturing 
the product or providing the service has been careless or 
unreasonable.

*Nominal x and R charts These charts use coded meas-
urements based on the nominal print dimension.

*Nonconformance The state that exists when a prod-
uct, service, or material does not conform to the customer 
requirements or specifications.

Nonconformities-per-unit chart A control chart for eval-
uating the stability of a process in terms of the average 
count of events of a given classification per unit occurring 
in a sample; a count per unit chart.

Nonconformity The nonfulfillment of a specified require-
ment. (See also Blemish, Defect.)

*Nonmutually exclusive Events are considered nonmutu-
ally exclusive events when they may occur simultaneously.

*Non-value-added Term describing any activity or action 
that does not directly affect the production of a product or 
the provision of a service.

*Number nonconforming (np) chart This chart tracks the 
number of nonconforming products or services produced 
by a process.

*Number of nonconformities (c) chart This chart is used 
to track the count of nonconformities observed in a single 
unit of product or single service experience, n + 1 = 1.

*Number of nonconformities per unit (u) chart This chart 
studies the number of nonconformities in a unit (n + 1 7 1). 
The u chart is very similar to the c chart; however, unlike c 
charts, u charts can also be used with variable sample sizes.

*One piece flow Manufacturing a single item at a time 
rather than a batch or group of items. Also known as single 
piece flow.

Operating characteristic curve A graph used to deter-
mine the probability of accepting lots as a function of 
the lots’ or processes’ quality level when using various 
sampling plans. There are three types: Type A curves, 
which give the probability of acceptance for an individual 
lot coming from finite production (will not continue in 
the future); Type B curves, which give the probability of 
acceptance for lots coming from a continuous process; and 
Type C curves, which for a continuous sampling plan give 
the long-run percentage of product accepted during the 
sampling phase.

*Overall equipment effectiveness The amount of time a 
piece of equipment is up and running and available for use. 
This may also include performance efficiency and first-pass 
yield.

Pareto chart A graphical tool for ranking causes from 
most significant to least significant. It is based on the 
Pareto principle, which was first defined by J. M. Juran in 
1950. The principle, named after 19th-century economist 
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(For detailed discussion on the multiple definitions, see 
ANSI/ASQC Standard A3-1987, “Definitions, Symbols, 
Formulas, and Tables for Control Charts.”) One defini-
tion of quality assurance is: All the planned and systematic 
activities are implemented within the quality system that 
can be demonstrated to provide confidence that a product 
or service will fulfill requirements for quality. One defini-
tion for quality control is: the operational techniques and 
activities used to fulfill requirements for quality. Often, 
however, quality assurance and quality control are used 
interchangeably, referring to the actions performed to 
ensure the quality of a product, service, or process.

Quality audit A systematic, independent examination 
and review to determine whether quality activities and 
related results comply with planned arrangements and 
whether these arrangements are implemented effectively 
and are suitable to achieve the objectives.

*Quality circles Teams that meet to solve quality prob-
lems related to their own work.

Quality control See Quality assurance/quality control.

Quality costs See Cost of poor quality.

Quality function deployment A structured method in 
which customer requirements are translated into appropri-
ate technical requirements for each stage of product devel-
opment and production. The QFD process is often referred 
to as listening to the voice of the customer.

Quality management (QM) The application of a quality 
management system in managing a process to achieve max-
imum customer satisfaction at the lowest overall cost to 
the organization while continuing to improve the process.

*Quality management system A system that contains the 
necessary ingredients to enable the organization’s employ-
ees to identify, design, develop, produce, deliver, and sup-
port products or services that the customer wants.

*Quality manual The chief document for standard oper-
ating procedures, processes, and specifications that are 
quality management system. The manual serves as a per-
manent reference guide for the implementation and main-
tenance of the quality management system described by 
the manual.

*Quality plan The plan that integrates quality philoso-
phies into an organization’s environment. It includes spe-
cific continuous improvement strategies and actions. Plans 
are developed at the departmental, group, plant, division, 
and company levels. Lower-level plans should support the 
company’s strategic objectives. A quality plan emphasizes 
defect prevention through continuous improvement rather 
than defect detection.

*Quality records Written verification that a company’s 
methods, systems, and processes were performed according 
to the quality system documentation, such as inspection 
or test results, internal audit results, and calibration data.

Quality trilogy Juran’s three-pronged approach to man-
aging for quality. The three legs are quality planning 

*Privity Suit cannot be filed unless a contract (an agree-
ment) exists between the parties of the suit.

*Probability The chance that something will happen. 
Probabilities quantify the chance that an event will occur.

*Problem solving The isolation and analysis of a problem 
and the development of a permanent solution.

*Process The action of taking inputs and transforming 
them into outputs through the performance of value-added 
activities.

Process capability A statistical measure of the inherent 
process variability for a given characteristic. The most 
widely accepted formula for process capability is 6s.

Process capability index The value of the tolerance speci-
fied for the characteristic divided by the process capabil-
ity. There are several types of process capability indexes, 
including the widely used Cpk and Cp.

*Process control Using statistical process control to 
measure and regulate a process.

*Process map A graphical representation of all the steps 
involved in an entire process or a particular segment of a 
process.

*Process owner The individual ultimately responsible 
for ensuring that the appropriate activities take place in 
a process.

*Production part approval process (PPAP) The process 
of obtaining approval to produce parts.

Product or service liability The obligation of a company 
to make restitution for loss related to personal injury, 
property damage, or other harm caused by its product or 
service.

*Productivity The amount of output as compared with 
the amount of input.

*Pull system An item is not produced until an item has 
been “pulled” by the customer. The newly produced item 
replenishes the system, replacing the item that was pulled.

QFD See Quality function deployment.

QS 9000 A quality standard utilized by the automotive 
industry to ensure the quality of its and its suppliers’ com-
ponents, subsystems, and finished products.

Quality A subjective term for which each person has 
his or her own definition. In technical usage, quality can 
have two meanings: (1) the characteristics of a product or 
service that bear on its ability to satisfy stated or implied 
needs and (2) a product or service free of deficiencies.

Quality assurance/quality control Two terms that have 
many interpretations because of the multiple definitions for 
the words assurance and control. For example, assurance 
can mean the act of giving confidence, the state of being 
certain, or the act of making certain; control can mean an 
evaluation to indicate needed corrective responses, the act 
of going, or the state of a process in which the variables 
are attributable to a constant system of chance causes. 
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*Reproducibility When similar pieces of equipment, pro-
cesses, people, or systems are able to repeat their perfor-
mance with little or no variation between them.

*Rework Action taken on nonconforming products or 
services to allow them to meet the original specifications.

*Root cause The ultimate reason behind a nonconformance.

*Run charts Similar to control charts, they can be used 
to monitor process changes associated with a particular 
characteristic over time.

*Sample A subset of elements or measurements taken 
from a population.

*Scatter Diagram A graphical technique that is used to 
analyze the relationship between two different variables.

s Chart See Standard deviation chart.

Seven tools of quality Tools that help organizations 
understand their processes in order to improve them. The 
tools are the cause-and-effect diagram, check sheet, con-
trol chart, flowchart, histogram, Pareto chart, and scatter 
diagram. (See individual entries.)

Shewhart cycle See Plan-Do-Study-Act cycle.

Shewhart, Walter A. (deceased) Referred to as the father 
of statistical quality control, Dr. Shewhart brought together 
the disciplines of statistics, engineering, and economics. He 
described the basic principles of this new discipline in his 
book Economic Control of Quality of Manufactured Prod-
uct. Shewhart, ASQC’s first Honorary Member, was best 
known for creating the control chart. Shewhart worked for 
Western Electric and AT&T/Bell Telephone Laboratories 
in addition to lecturing and consulting on quality control.

*Significant figures The numerals or digits in a number, 
excluding any leading zeros used to place the decimal point.

*Single Minute Exchange of Dies (SMED) A technique 
pioneered by Shigeo Shingo that stressed modifying change-
overs in order to reduce changeover times to 10 minutes or 
less. SMED facilitates agile, flexible production.

*Single piece flow See One piece flow.

Six Sigma A methodology that provides businesses with 
the tools to improve the capability of their business pro-
cesses. The increase in performance and the decrease in 
process variation lead to defect reduction and improve-
ment in profits, employee morale, and quality of product.

*Skewness When a distribution lacks symmetry, it is con-
sidered skewed. In a skewed distribution, the majority of 
the data are grouped either to the left or the right of a center 
value, and on the opposite side a few values trail away from 
the center. When a distribution is skewed to the right, the 
majority of the data are found on the left side of the fig-
ure, with the tail of the distribution going to the right. The 
opposite is true for a distribution that is skewed to the left.

SPC See Statistical process control.

Special causes Causes of variation that arise because of 
special circumstances. They are not an inherent part of a 

(developing the products and processes required to meet 
customer needs), quality control (meeting product and pro-
cess goals), and quality improvement (achieving unprec-
edented levels of performance).

*Quick changeover The rapid switch of tooling and fix-
tures on a piece of equipment.

Random sampling Sample units are selected in such a 
manner that all combinations of n units under considera-
tion have an equal chance of being selected as the sample.

*Range The difference between the highest value in a 
series of values or sample and the lowest value in that same 
series.

Range chart A control chart in which the subject group, 
R, is used to evaluate the stability of the variability within 
a process.

R chart See Range chart.

Red bead experiment An experiment developed by 
W. Edwards Deming to illustrate that it is impossible to 
put employees in rank order of performance for the com-
ing year based on their performance during the past year 
because performance differences must be attributed to the 
system, not to employees. Four thousand red and white 
beads (20 percent red) in a jar and six people are needed for 
the experiment. The participants’ goal is to produce white 
beads, because the customer will not accept red beads. One 
person begins by stirring the beads and then, blindfolded, 
selects a sample of 50 beads. That person hands the jar to 
the next person, who repeats the process, and so on. When 
everyone has his or her sample, the number of red beads for 
each is counted. The limits of variation between employees 
that can be attributed to the system are calculated. Every-
one will fall within the calculated limits or variation that 
could arise from the system. The calculations will show that 
there is no evidence one person will be a better performer 
than another in the future. The experiment shows that it 
would be a waste of management’s time to try to find out 
why, say, John produced four red beads and Jane produced 
15; instead, management should improve the system, mak-
ing it possible for everyone to produce more white beads.

Registration to standards A process in which an accred-
ited, independent third-party organization conducts an 
on-site audit of a company’s operations against the require-
ments of the standard to which the company wants to be 
registered. Upon successful completion of the audit, the 
company receives a certificate indicating that it has met the 
standard requirements.

Reliability The probability of a product performing its 
intended function under stated conditions without failure 
for a given period of time.

*Repair Corrective action to a damaged product so that 
the product will fulfill the original specifications.

*Repeatability When a piece of equipment, process, per-
son, or system is able to perform, with little or no varia-
tion, the same activity over and over again.
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Tampering Action taken to compensate for variation 
within the control limits of a stable system. Tampering 
increases rather than decreases variation, as evidenced in 
the funnel experiment.

*Tolerance limits Tolerance limits show the permissible 
changes in the dimension of a quality characteristic.

Top-management commitment Participation of the high-
est-level officials in their organization’s quality improve-
ment efforts. Their participation includes establishing and 
serving on a quality committee, establishing quality poli-
cies and goals, deploying those goals to lower levels of the 
organization, providing the resources and training that the 
lower levels need to achieve the goals, participating in qual-
ity improvement teams, reviewing progress organization-
wide, recognizing those who have performed well, and 
revising the current reward system to reflect the impor-
tance of achieving the quality goals.

*Total quality costs The sum of prevention costs, 
appraisal costs, failure costs, and intangible costs.

Total quality management (TQM) A term initially 
coined in 1985 by the Naval Air Systems Command to 
describe its Japanese-style management approach to qual-
ity improvement. Since then, TQM has taken on many 
meanings. Simply put, TQM is a management approach 
to long-term success through customer satisfaction. TQM 
is based on the participation of all members of an organi-
zation in improving processes, products, services, and 
the culture they work in. TQM benefits all organization 
members and society. The methods for implementing this 
approach are found in the teachings of such quality control 
leaders as Philip Crosby, W. Edwards Deming, Armand 
V.  Feigenbaum, Kaoru  Ishikawa, and J. M. Juran.

TQM See Total quality management.

Type I error An incorrect decision to reject something 
(such as a statistical hypothesis or a lot of products) when 
it is acceptable.

Type II error An incorrect decision to accept something 
when it is unacceptable.

u Chart See Nonconformities-per-unit chart.

UCL See Upper control limit.

*Uncontrolled variation Uncontrolled variation comes 
from sources external to the process. Also known as spe-
cial or assignable causes.

*Under control A process is considered to be in a state 
of control, or under control, when the performance of the 
process falls within the statistically calculated control lim-
its and exhibits only chance, or common, causes.

*Ungrouped data Easily recognized because when 
viewed, it appears that the data are without any order.

Upper control limit (UCL) Control limit for points above 
the central line in a control chart.

*Value-added activities The activities in a process or sys-
tem that transform raw materials, parts, components, etc., 
into a usable product or service for the customer.

process. Special causes are also referred to as assignable 
causes. (See also Common causes.)

Specification A document that states the requirements to 
which a given product or service must conform.

SQC See Statistical quality control.

Standard deviation A computed measure of variability 
indicating the spread of the data set around the mean.

Standard deviation chart A control chart in which the 
subgroup standard deviation, s, is used to evaluate the sta-
bility of the variability within a process.

Statistical process control (SPC) The application of statis-
tical techniques to control a process. Often the term statis-
tical quality control is used interchangeably with statistical 
process control.

Statistical quality control (SQC) The application of sta-
tistical techniques to control quality. Often the term statis-
tical process control is used interchangeably with statistical 
quality control, although statistical quality control includes 
acceptance sampling as well as statistical process control.

*Statistics The collection, tabulation, analysis, interpreta-
tion, and presentation of numerical data.

*Strict Liability Under strict liability, a manufacturer 
who makes and sells a defective product has committed a 
fault. A product is considered defectively made if it has a 
defect that causes it to be unreasonably dangerous and the 
defect is the reason for an injury.

*Suppliers Persons who provide materials, parts, or ser-
vices directly to manufacturers.

*Supply chain A supply chain is the network of organi-
zations involved in the movement of materials, informa-
tion, and money as raw materials flow from their source 
through production until they are delivered as a finished 
product or service to the final customer.

*Symmetrical When a distribution is symmetrical, the 
two halves are mirror images of each other.

*System The activities, people, and processes that work 
together to accomplish a specific goal or objective.

Taguchi, Genichi The executive director of the Ameri-
can Supplier Institute, the director of the Japan Indus-
trial Technology Institute, and an honorary professor at 
Nanjing Institute of Technology in China. Taguchi is well 
known for developing a methodology to improve quality 
and reduce costs, which in the United States is referred to 
as the Taguchi Methods. He also developed the quality 
loss function.

Taguchi Methods™ The American Supplier Institute’s 
trademarked term for the quality engineering methodol-
ogy developed by Genichi Taguchi. In this engineering 
approach to quality control, Taguchi calls for off-line qual-
ity control, online quality control, and a system of experi-
mental design to improve quality and reduce costs.

*Takt time How often a single part should be produced 
based on customer demand. Takt times are the starting 
point for line balancing.
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*WHY-WHY diagrams WHY-WHY diagrams organ-
ize the thinking of a problem-solving group and illus-
trate a chain of symptoms leading to the true cause of a 
problem.

*Work-in-process The unfinished parts or prod-
ucts  waiting in a manufacturing line for processing and 
completion.

x chart Average chart.

Zero defects A performance standard developed by 
Philip Crosby to address a dual attitude in the workplace: 
people are willing to accept imperfection in some areas, 
while, in other areas, they expect the number of defects 
to be zero. This dual attitude had developed because of 
the  conditioning that people are human and humans make 
mistakes. However, the zero defects methodology states 
that if people commit themselves to watching details and 
avoiding errors, they can move closer to the goal of zero 
defects. The performance standard that must be set is “zero 
defects,” not “close enough.”

*Value analysis The process of analyzing the value stream 
to determine which activities add value and which do not. 
Opportunities for improvements are also sought.

*Value stream The activities that take place to provide a 
product or service to a customer.

*Variables The measurable characteristics of a product 
or service.

Variables data Measurement information. Control charts 
based on variables data include average (X) chart, range 
(R) chart, and standard deviation chart.

Variation A change in data, a characteristic, or a function 
that is caused by one of four factors: special causes, com-
mon causes, tampering, or structural variation.

Vision statement A statement summarizing an organiza-
tion’s values, mission, and future direction for its employ-
ees and customers.

*Waste Any activity or action that fails to add value to 
the product or service being provided to the customer.
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8.6 X = 34, UCLx = 39, LCLx = 29,
 R = 5, UCLr = 13, LCLx = 0
8.7 X = 0.812, UCLx = 0.816,
 LCLx = 0.808, R = 0.006,
 UCLr = 0.011, LCLx = 0
8.8 X = 3,788, UCLx = 3,951,
 LCLx = 3,625, R = 159,
 UCLr = 409, LCLx = 0
8.10 X = 30, UCLx = 33, LCLx = 28,
 R = 3.5, UCLr = 8, LCLx = 0
8.25 X = 0.036, UCLx = 0.213,
 LCLx = -0.141, R = 0.173,
 UCLR = 0.45, LCLR = 0

Chapter 9
9.1 0.50
9.2 0.008
9.3 P(orange & 5) = 1/24
 P(orange) = 6/24
 P(five) = 3/24
9.4  60
9.5 Combination = 3,003
 Permutation = 360,360
9.6 P(performs) = 0.91
9.7 P(H/P) = 0.78
9.9 P(Fabric 1) = 0.46
 P(Fabric 2/Style 1) = 0.18
 P(Style 4) = 0.255
 P(Style 3/Fabric 3) = 0.23
9.10 a. 0.6

b. 0.4

c. independent
9.14 P(1) + P(0) = 0.262
 P(1) = 0.238
 P(0) = 0.024
9.15  0.419
9.17 P(0) = 0.545
9.18 P(2) = 0.3
9.23 P(1 or less) = 0.98
9.25 P(2) = 0.10
9.26 P(more than 4) = 1 - P(4 or less)
        = 0.001
9.27 P(2) = 0.012
9.28 P(5) = 0.0015

Chapter 6
6.3 X = 16, UCLx = 20, LCLx = 12, 
 R@bar = 7, UCLR = 15, LCLR = 0
6.4 X = 50.2, UCLx = 50.7,  
 LCLx = 49.7, R@bar = 0.7,
 UCLR = 1.6, LCLR = 0
6.5 X = 349, UCLx = 357,
 LCLx = 341, R@bar = 14,
 UCLR = 30, LCLR = 0
6.10 X = 0.0627, UCLx = 0.0629,
 LCLx = 0.0625, R@bar = 0.0003,
 UCLR = 0.0006, LCLR = 0
6.14 X = 0.0028, UCLx = 0.0032,
 LCLx = 0.0024, R@bar = 0.0006,
 UCLR = 0.0014, LCLR = 0
6.19 X = 0.0627, UCLx = 0.0628,
 LCLx = 0.0626, s@bar = 0.0001,
 UCLs = 0.0002, LCLs = 0
6.20 X = 0.0028, UCLx = 0.0033,
 LCLx = 0.0023, s@bar = 0.0003,
 UCLs = 0.0007, LCLs = 0

Chapter 7

7.4 s = 3, 6s = 18, Cp = 0.44,
 Cpk = 0.33
7.6 s = 0.33, 6s = 1.98,
 Cp = 0.51, Cpk = 0.3
7.7 s = 0.00006, 6s = 0.00036,
 Cp = 1.1, Cpk = 1.1
7.11 s = 0.04, 6s = 0.24,
 Cp = 0.42, Cpk = 0.27
7.12 s = 0.0003, 6s = 0.0018,
 Cp = 0.55, Cpk = 0.55
7.21 Pp = 1.667, Ppk = 1.667
7.22 Pp = 1.333, Ppk = 1.000
7.23 Pp = 4.2, Ppk = 2.5

Chapter 8

8.1 X = 24 mm, UCLx = 27, LCLx =21,
 R = 1, UCLr = 3, LCLx = 0
8.2 X = 7,842, UCLx = 10,209,
 LCLx = 5,475, R = 890,
 UCLr = 2,940, LCLx = 0

Chapter 5
5.23 Mean = 1.123
 Mode = 1.122
 Median = 1.123
5.24 Mean = 0.656
 Mode = 0.654
 Median = 0.655
5.25 Mean = 226.2
 Mode = 227
 Median = 227
 s = 2.36
5.26 Mean = 0.010
 Mode = 0.011, 0.020
 Median = 0.011
 s = 0.008
 R = 0.018
5.29 s = 5.32
 R = 9
5.30 s = 0.0022
 R = 0.0065
5.31 s = 0.0022
 R = 0.006
 Mean = 0.656
 Median = 0.655
 Mode = 0.654
5.32 Mean = 0.077
 s = 0.0032
5.33 R = 19
 s = 5
 Mean = 24
 Mode = 25
 Median = 25
5.38 Area = 0.8413 or 84.13% wait 

less than 15 minutes
5.39 Area = 0.0548 or 5.48% of the 

parts are above 0.90 mm
5.40 Area = 0.9525 or 95.25% are 

acceptable
5.46 Area = 0.8186 or 81.86% take 

between 35 and 65 minutes
5.47 X = 2,871.25 foot-candles
5.48 2.27% of the batteries should 

survive longer than 1,000 days
5.50 37.07% will be below the LSL of 

11.41 inches

ANSWERS TO SELECTED PROBLEMS
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point 9, do not check limits

point 11, check limits, out of control
10.17 np = 4.5
 UCL = 11
 LCL = 0
10.18 p = 9%
 UCL = 21%
 LCL = 0
10.23 p = 0.0825
 np = 13
 UCL = 23
 LCL = 3
10.24 p = 0.0405
 np = 12
 UCL = 22
 LCL = 2
 process capability is np@bar = 12
10.25 p = 0.013
 np = 5
 UCL = 12
 LCL = 0
10.26 c = 8
 UCL = 16
 LCL = 0
 process will not meet customer’s specifications
10.30 c = 5
 UCL = 11
 LCL = 0
10.32 u = 2.345
 UCL = 3
 LCL = 1
10.34 u = 1.18
 nave = 101
 UCL = 1.5
 LCL = 0.86

Chapter11

11.8 = 0.00035 � = 2,857 hours
11.9  = 0.00197 � = 500 hours
11.16  Reliability of the system = 0.987
11.17  Reliability of the system = 0.9561
11.18  Reliability of the system = 0.9859
11.20  Reliability of the system = 0.8996
11.21  Reliability of the system = 0.9950
11.22  Reliability of the system = 0.855

9.29 P(more than 2) = 0.017
9.30 P(1 or less) = 0.84
9.31 P(less than 2) = 0.98
9.35 P(at least 1) = 0.59
9.36 P(3 in five min) = 0.13
9.37 P(more than 1 call) = 0.22
9.38 P(more than 2) = 0.58
9.44 a. 2.71% of bikes will weigh below 8.3 kg

b. Area between 8.0 kg and

  10.10kg = 0.9950 - 0.00375

  = 0.9913
9.46 P(more than 2) = 1 - 0.977 = 0.023
9.48 P(2) = 0.014

Chapter 10

10.5 p = 0.068
 UCL = 0.237
 LCL = 0
10.6 p = 0.004
 UCL = 0.0174
 LCL = 0
10.7 p = 0.038
 UCL = 0.085
 LCL = 0
10.11 p = 0.0131
 UCL = 0.028
 LCL = 0
10.12 p = 0.0131
 UCL400 = 0.030
 LCL = 0
 UCL450 = 0.029
 LCL = 0
 UCL500 = 0.028
 LCL = 0
 UCL550 = 0.028
 LCL = 0
 UCL600 = 0.027
 LCL = 0
10.13 p = 0.0185
 UCL400 = 0.0263
 LCL = 0.0107

Check points 2, 3, 4, 9, 11
point 2, check limits, out of control  
point 3, do not check limits
point 4, do not check limits
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Absolutes, of quality management, 37–38
Acceptable quality level, 29
Accreditation, 510
Accredited registrars, 510
Accuracy, 131–34, 192, 510
Activity-based costing, 510
Act phase, of Plan-Do-Study-Act (PDSA) cycle

auditing and, 482, 483
continuous improvement and, 111
described, 34
ensuring permanence in, 99–100
root cause analysis and, 105–11
standardizing improvements in, 100
warehouse example, 101

Advertising, 457–58
Advocacy. See Quality advocates
Affinity diagrams, 86
Air carriers, luggage handling and, 95–96, 

430–431
Aircraft

case studies involving, 24, 398–400, 426–28, 
468–69

product liability case study involving, 
468–69

product life cycle management and, 380–381
Airlines, lean, 20
Airplane experiment (design of experiments), 

426–28
Air traffic control, 379
Akao, Dr., 402
Alignment, 510
American Society for Quality (ASQ), 4, 22, 

51, 510
American Supplier Institute, 518
American Telephone and Telegraph Co. 

(AT&T), 378
Analysis of good (ANOG), 422, 423
Analysis of means (ANOM), 419–20, 510
Analysis of variance (ANOVA), 419–20, 510
Analyst, 21
Analytical data analysis

kurtosis, 149
location: measures of central tendency, 

139–43, 145
measures of dispersion, 143–49
range, 144
skewness, 148
spread, 143–49
standard deviation, 144–46, 148

ANOG (analysis of good), 422, 423
ANOM (analysis of means), 419–20, 510
ANOVA (analysis of variance), 419–20, 510
Apollo 13, 378
Appraisal cost(s)

decision making and, 442
defined, 434, 510
product liability and, 460
quality costs and, 414, 415, 422, 448, 510
total quality costs and, 435

Approximation formulas, 316
Approximations, in distributions, 314–15, 316
Area of opportunity, 310
Artisans, 10
AS 9000, 50
AS 9100, 49, 477

Assessment(s). See also Benchmarking
competitive technical, 407, 409
defined, 510
process capability, 235–39, 245–48

Assignable causes, 518
defined, 27, 173, 510
fraction nonconforming (p) chart, 327
stability and, 183
variation and, 173, 181, 183

AT&T (American Telephone and Telegraph 
Co.), 378

Attribute control chart(s), 324
case studies involving, 364–71
control chart selection flowchart and, 351
for counts of nonconformities, 339, 341–50
disadvantages of, 325
flowchart, 351
formula for, 352
fraction nonconforming (p) charts, 325–35, 

352
for nonconforming units, 325–39
number nonconforming (np) chart, 335, 

337–50, 364–68
number of nonconformities (c) chart, 339, 

341–45
number of nonconformities per unit (u) 

charts, 343, 346–50, 369–71, 515
percent nonconforming charts, 335, 

336, 352
types of, 325

Attribute data
conforming or nonconforming, 130
countable, not measurable, 130
defined, 130, 510
as discrete data, 130
discrete probability distributions and, 305
precontrol charts and, 276
run charts and, 272
sample size and, 332

Attributes, 325, 510
Auditor, 21
Audits and auditing, 475

case study involving, 488
conducting, 482–83
defined, 478, 510, 516
designing, 481–83
frequency of, 480
Plan-Do-Study-Act (PDSA) cycle and, 

481–83
questions in, 482
types of, 481

Authority, 30
Automotive Industry Action Group, 50
Automotive manufacturers, 50, 66–67, 78
Autonomation, 19–20, 510
Availability

formula for, 393
reliability measures and, 381

Average charts
defined, 510
formula for, 208
moving-average, 263, 265–66, 267

Average life, 381
Average(s)

central limit theorem and, 149–51

grand, 176, 178, 419
histograms and, 171–72
individual values compared with, 234–35
process improvement and, 192
subgroup, 419–20
variation and, 174

Aviation incidents and accidents, 378
Ayres, A., 128

Backup components, 384
Bakken, James, 513
Balanced Scorecard, 510
Baldrige, Malcolm, 514
Baldrige Award. See Malcolm Baldrige 

 National Quality Award
Baldrige definition of quality, 41
Baselining, 52, 476
Batch picking, 84–85, 420
Batch sizes, 19
Bell-shaped curve, 151–53
Bell Telephone Laboratories, 12, 27, 517
Benchmarking, 475

assessment with, 476
benefits of, 476
best-in-field companies, 477
case study involving, 485–87
compliance assessment, 476
continuous improvement assessment, 476
continuous improvement and, 478
customer, 479, 480
defined, 52, 476, 510
Deming Prize, 477
effectiveness assessment, 476
example of, 479–80
external, 479
flowchart of process, 477
internal, 479
ISO 9000, 477
levels of complexity, 476
Malcolm Baldrige National Quality Award 

and, 52, 477
perception assessment, 476
performance improvement and, 478, 479
process for, 477–78
purpose of, 476
standards for comparison, 476–77
supplier certification requirements, 477
types of, 476

Best-in-field companies, 477
Best practices, 21
Big Q and little q quality concepts, 35, 36
Bimodal distribution, 138, 139, 510
Binomial probability distribution cumulative, 

494–504
defined, 306, 510
explained, 306–10
formulas for, 316
normal approximation to binomial, 315
Poisson approximation to binomial, 314–15
tables for, 494–504

Black Belt Certification, 54, 55, 57–59, 510
Blemish, 510
Boeing Corporation, 398–400
Bottleneck, 510
Brainstorming
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in cause determination, 83–86
defined, 510

Bridgestone/Firestone Tires, 470–474

Calibration, 132, 511
Capability, 511. See also Process capability
Capability index, 242–43, 249
Capability ratio, 243–44
Capital expenditures, 40
Car(s). See Automotive manufacturers
Case studies

attribute charts, 364–71
audits and auditing, 488
benchmarking, 485–87
cause determination, 123
design of experiments (DOE), 426–28
Malcolm Baldrige National Quality Award, 

61–64
normal probability distribution, 322–23
number nonconforming (np) chart, 364–68
number of nonconformities per unit (u) 

charts, 369–71
precontrol charts, 291–92
probability, 321–23
problem solving, 119–20
process capability, 253–59
process improvement, 121–23, 166–69, 

225–28, 256–59
product liability, 468–74
quality costs, 445–52
quality evolution, 24–25
quality function deployment (QFD), 425
quality systems, 61–64
quality tools and techniques, 44
reliability, 398–400
run charts, 293
sample-size considerations, 229–32
statistics, 164–69
variable control charts, 216–32
X and R charts, 225–28

Cause, 511
Cause-and-effect (Ishikawa) diagram(s)

in cause determination, 88–91
construction of, 88–91
defined, 88, 511
in problem-solving process, 105, 110
purpose of, 38
quality costs and, 438
as quality tool, 38, 39
variable control charts and, 175

Cause determination. See also Assignable 
causes
affinity diagrams in, 86
brainstorming in, 83–86
in case study, 123
cause-and-effect diagrams in, 88–91
control charts and, 94, 95
histograms in, 93
run charts and, 94–95
scatter diagrams in, 93–94
WHY-WHY diagrams in, 91–93, 463

c chart, 511. See also Number of nonconformi-
ties (c) charts

Cell boundaries, 136–38, 511
Cell intervals, 136–37, 511
Cell midpoints, 136, 137, 511
Cells, 136, 511
Cellular manufacturing, 511
Centerline (CL), 178, 180

control charts for variables, 173
defined, 511
fraction nonconforming (p) chart, 326, 327, 

330, 332, 333, 335
individuals and moving-range charts, 261
median and range charts, 269, 270, 272
nominal X and R charts, 280, 281

number nonconforming (np) chart, 337
number of nonconformities (c) chart, 341
number of nonconformities per unit (u) 

charts, 343, 346, 348, 350
percent nonconforming chart, 335
X and R charts, 176, 178, 182, 491
X and s charts, 491

Central limit theorem, 149–51, 235, 237, 511
Central lines, factors for computing, 491
Central tendency, measures of, 139–43, 145. 

See also Mean; Median;Mode
Certification requirements, 49–51, 477
Certified Quality Engineer (CQE), 44, 57–59
Challenger explosion, 378
Chance causes, 173, 181
Chance failure phase, in product life cycle, 379
Changeover, 511
Changeover time, 511
”Changing Concepts and Management of 

Quality Worldwide” (Feigenbaum), 37
Characteristic, 511
Checklist, 511
Check sheet(s)

defined, 73, 511
Ishikawa and, 38, 39
problem definition and, 73–74
process improvement and, 73–74

Chi square test, 151
CI. See Continuous improvement (CI)
CL. See Centerline (CL)
Client Feedback Form, 480
Combinations

calculating, 305
defined, 511
formula for, 316
in industry, 302–4
permutations and, 302–5
use of, 302

Combination systems, 384, 385
Commerce, U.S. Department of, 53, 514
Commitment

personal and selfless, 40
of top managers, 14, 518

Common causes, 27, 173, 184, 185, 511
Communication

continuous improvement and, 18
in reliability programs, 377

Communications satellite failure, 376
Company culture, 5, 511
Compensation, 32
Competitive technical assessment, 407, 409
Compliance, 511
Compliance benchmark assessment, 476
Compliance officer, 21
Compressor line part flow, 80
Confidence, measure of, 419
Confidence intervals, 154–55
Conformance, 4, 511
Conformance to requirements, 37
Consistency, 32, 40
Constancy, 29
Constraint, 511
Consumers. See Customer(s)
Continuous data, 130
Continuous improvement (CI)

benchmarking and, 478
best practices and, 21
comparison with other quality systems, 57
customer focused, 13, 18
defined, 13, 511
Deming and, 28–35
example, 16–19
flowcharts for, 14–15
human resources, 18
internal processes, 18
management involvement in, 13–14

methodologies for, 14, 19
mission statement for, 16
process improvement and, 111
process of, 14, 15
traditional orientation vs., 14

Continuous improvement benchmark 
 assessment, 476

Continuous probability distribution, 313–14
Contributory negligence, 454, 511
Control chart(s), 109, 260. See also Attribute 

control chart(s); specific charts; Variable 
control chart(s)
assignable causes, 173
case studies involving, 291–93
cause determination and, 94
centerline (CL), 173
chance/common causes, 173
choosing, 350–351
as decision-making tool, 171
defined, 94, 171, 511
formulas for, 283
functions, 171–72
individuals and moving-range charts, 

261–65
lower control limit (LCL), 173
median and range charts, 269–72, 273
moving-average and moving-range charts, 

263, 265–66, 267
multi-vari analysis and, 268–69
nominal X and R charts, 279–82
number of nonconformities per unit (u) 

charts, 343, 346, 348
plotting all individual values, 266, 268
precontrol charts, 276–78, 279, 291–92
as problem-solving tools, 171–72
process improvement and, 94, 95
as quality tool, 38, 39
run charts, 272, 274–75, 293
selection flowchart for, 283, 284
Shewhart’s development of, 27–28
short-run charts, 278–83
statistical control charts, 28
subgroups and, 176, 177, 275–76
upper control limit (UCL), 173
for variables, 173–74
for variable subgroup size, 275–76
variation and, 172–73

Controllable factor, 411, 412, 421
Controlled variation, 27, 35, 511
Control limits (CL), 181

defined, 511
factors for computing, 491
fraction nonconforming (p) chart, 326, 327, 

330, 332–34
lower, 173, 514
number nonconforming (np) chart, 337
number of nonconformities (c) chart, 341
number of nonconformities per unit (u) 

charts, 343, 346, 348, 350
for the R chart, 180–181
specification limits vs., 235–38
upper, 173, 518
X charts, 178, 180
X and R charts, 182, 184, 189–92

Coordinator/compliance officer, 21
Corporate culture, 5, 511
Corrective action, 190, 511
Corrective Action Request Form, 71
Corrective Action Response Form, 462, 464
Corrective/Preventive Action Request, 71
Correlation matrix, 407
Cost effectiveness, 97
Cost of poor quality, 36, 511–12
Cost overruns, 24
Cost(s). See also Appraisal cost(s); 

 Quality cost(s)
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Cost(s) (continued)
of certification, 49
failure, 434, 435, 437–40, 442, 448, 513
hidden, 435
intangible, 435, 442, 448, 513
prevention, 434–36, 515
quality-cost measurement system, 435–40
total quality, 435, 518

Costs of quality, 37–38
Count of nonconformities (c) chart, 511
Counts of nonconformities. See Attribute 

control chart(s); Number of nonconformities 
(c) charts; Number of nonconformities per 
unit (u) charts

Courts, in product liability lawsuits, 465
CQE (Certified Quality Engineer), 44, 57–59
Crosby, Philip, 4, 37–38, 40, 41, 434, 512, 

518, 519
Cross-functional involvement, 18
Cultural Patterns and Technical Change 

(Mead), 35–36
Cultural resistance, 36
Culture(s)

clash of, 35
corporate, 5
defined, 512

Cumulative binomial probability distribution, 
494–504

Cumulative frequency distribution, 139, 141, 512
Customer competitive analysis, 404
Customer delight, 512
Customer-oriented approach to quality, 20
Customer(s)

benchmarking and, 479, 480
continuous improvement and, 14, 15, 18
effect on future of quality, 20–22
expectations of, 105, 106
external, 106, 512
focus on, 5, 14, 18, 19, 29, 106
importance of, 29
internal, 106, 513
Malcolm Baldrige National Quality Award 

and, 52
quality defined by, 4
quality function deployment (QFD) and, 

402–9, 410
satisfaction, 21, 37, 38, 54, 84–86, 512
successful vs. satisfied, 38
viewpoint of, 38, 95
voice of, 5, 29, 402, 403

Customer-supplier partnership, 18, 512
Cycle, 512
Cycles. See also Plan-Do-Study-Act (PDSA) cycle

Deming, 34, 512, 515
optimal picking, 420–422
product life cycle curve, 379–81
recurring, 186–87, 189

Cycle time, 512

Data. See also Attribute data
continuous, 130
discrete, 130
grouped, 130–131, 513
ungrouped, 130, 518
variables, 130, 174, 518

Data analysis. See also Analytical data analysis; 
Graphical data analysis
in design of experiments (DOE), 413
in planned experimentation, 413

Data collection
accuracy and precision of, 192
data types, 130–131
fraction nonconforming (p) chart, 325, 326, 

330
grouping data, 131
number nonconforming (np) charts, 335, 337

number of nonconformities (c) chart, 339, 341
number of nonconformities per unit (u) 

charts, 343, 346, 348
in statistics, 130–131
X and R charts and, 176–78

Decimal places, 134
Decision making

appraisal costs and, 442
control charts as tool for, 171
quality costs for, 440, 442
run charts and, 275

Deductive statistics, 130, 512
Defect-free products, 38
Defective, 512
Defective items, charts for. See Fraction non-

conforming (p) charts
Defectives per million, 53, 55–57
Defect(s), 512

cause-and-effect diagrams for  identifying, 88
defined, 512
inspection for, 11
prevention of, 12, 37
product liability and, 456
zero, 19, 38, 519

Defendants
defined, 454, 512
in product liability lawsuits, 465

Define-Measure-Analyze-Improve-Control 
(DMAIC) cycle, 19
Plan-Do-Study-Act (PDSA) cycle compared 

to, 67–68
Six Sigma and, 55, 57

Degrees of freedom, 411, 412, 422
Deming, W. Edwards, 4, 28–35, 38, 40, 41, 67, 

101, 173, 512, 513, 515, 517, 518
Deming cycle, 34, 515. See also Plan-Do-

Study-Act (PDSA) cycle
Deming Prize, 477, 512
Deming Prize Committee of the Union of 

 Japanese Scientists and Engineers, 477
Deming’s economic chain reaction, 29
Deming’s funnel experiment, 31–33
Dependent, 512
Dependent events, 300
Deployment flowcharts, 81
Descriptive statistics, 130
Design. See also Design of experiments (DOE); 

Product design and development
of audits, 481–83
liability loss control programs and, 456–59
quality of, 4
screening, 415–16
simplicity of, 377, 378
to standards, 457, 459
Taguchi, 40, 416–18

Design of experiments (DOE)
act on the results, 413
analysis of means (ANOM) and, 419–20
analysis of variance (ANOVA) and, 419–20
case study involving, 426–28
component identification, 413
conducting an experiment, 413
data analysis, 413
defined, 409, 512
experimental analysis methods, 419–20
fractional factorial experiments, 415–16
full factorial experiments, 415
good, characteristics of, 413–14
hypothesis and experiment errors, 419
optimizing order pick, pack, and ship using, 

420–22
perform the experiment, 413
Plackett-Burman screening designs, 416–18
planned experimentation, steps in, 413
problem definition for, 413
process improvements based on, 414

single factor experiments, 414–15
Taguchi designs, 416–18
Taguchi’s four steps, 40
terminology for, 411–13
trial and error experiments, 409–11

Design review, 457
Detection, prevention vs., 515
Digital pagers, failure of, 376
Disasters, 377–79
Discrepant items, charts for. See Fraction 

 nonconforming (p) charts
Discrete data, 130
Discrete probability distributions

attribute data and, 305
binomial, 306–10
hypergeometric, 305–6
Poisson, 310–313

Discrete processing, 420
Dispersion, measures of

kurtosis, 149
range, 144
skewness, 148
standard deviation, 144–46, 148

Distribution. See also Binomial probability dis-
tribution; Discrete probability distributions
analyzing, 139
bimodal, 138, 139, 142
continuous probability, 313–14
cumulative frequency, 139, 141, 512
exact, 307, 313
hypergeometric probability, 305–6, 316
interrelationships and approximations of, 

314–15
leptokurtic, 138, 139, 514
multimodal, 138, 514
normal, 149, 313–16
normal frequency, 151–53
platykurtic, 138, 139, 515
Poisson probability, 310–16, 505–8
skewed, 138–40, 148
standard normal probability, 152–53
symmetrical, 138, 518
t distribution, 155, 492–93
unimodal, 142

Diversity, 36
DMAIC. See Define-Measure-Analyze-Im-

prove-Control (DMAIC) cycle
Documentation

defined, 512
ISO 9000 and, 47

Dodge, H. F., 12
DOE. See Design of experiments (DOE)
Do phase, of Plan-Do-Study-Act (PDSA) cycle

auditing and, 482, 483
described, 34
force-field analysis, 98–99
solution identification, selection, and 

 implementation, 95–99
warehouse example, 101

Downtime, 512
Drug development, prevention costs in, 434

Early failure phase, in product life cycle, 379
Economic chain reaction (Deming), 29
Economic Control of Quality of Manufactured 

Product (Shewhart), 27, 517
Economic globalization, 16, 21
Economics of quality, 38, 431
Education

Deming on, 29–31
Ishikawa on, 39
Juran on, 36
liability loss and, 460
quality and, 40
quality assurance and, 460
reliability and, 377
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Effect, 411, 412, 422
Effectiveness benchmark assessment, 476
80-20 rule, 74–75, 512
Elimination of waste, 19, 37
Employee involvement, 39–40, 53, 62–63, 512
Employee pride of workmanship, 30, 31
Entire system reliability, 377, 378, 398
Environmental Management Standard, ISO 

14000, 51
Environmental protection, 51
Environmental Protection Agency (EPA), 

309–10
Equipment changes, 18
Error detection, 512
Error proofing, 19, 512
Errors

human, 134
hypothesis and experiment, 419
measurement, 131–34, 514
in trial and error experiments, 409–11
Type I, 419, 518
Type II, 419, 518

Events
dependent, 300
independent, 300–301
mutually exclusive, 299, 515
nonmutually exclusive, 299–300, 515
probability of not occurring, 298–99

Exact distribution, 307, 313
Experimental analysis methods, 419–20
Experiment design, 40. See also Design of 

experiments (DOE)
Experiment(s)

airplane (design of experiments case study), 
426–28

components of, 413
defined, 412–13
fractional factorial, 415–16
full factorial, 415, 418
funnel, 31–33, 513
hypothesis and experiment errors, 387
planned. See Planned experimentation
purpose of, 411, 413
red bead, 31, 517
single factor, 414–15
trial and error, 409–11

Expert witness, 465
Expressed warranty, 454, 512
External benchmarking, 479
External customer, 106, 512
External failure costs, 434, 435, 437–40, 

442, 512

FAA (Federal Aviation Administration), 
399–400

Factor, 411, 412, 421
Fail-safe features, 377–79
Failure costs, 434, 435, 437–40, 442, 448, 513
Failure modes and effects analysis (FMEA)

defined, 513
as hazard analysis technique, 456

Failure rate, 381–82
Failure-terminated tests, 380
Fault Tree Analysis (FTA), 456
Federal Aviation Administration (FAA), 

399–400
Feedback form, 480
Feigenbaum, Armand, 4, 30, 37, 41, 95, 513, 518
Fiberglass-based fittings manufacturer, 24
Final design review, 457
Firearms, early quality control of, 12
Firestone Tires, 470–474
First-pass yield, 513, 515
Fishbone diagrams. See Cause-and-effect 

(I shikawa) diagram(s)
Fitness for use, 4, 513

5S, 19
Five-year warranty, 455
Flexible workers, 19
Flowchart(s)

attribute charts, 351
of benchmarking process, 477
of compressor line part flow, 80
of continuous improvement process, 14, 15
for control chart selection, 283, 284
creating, 77, 80
defined, 513
deployment, 81
of flue gas desulfurization process, 82
for order pick, pack, and ship, 84–85, 421
Plan-Do-Study-Act (PDSA) example, 102
in problem/process analysis, 77–83, 105, 

107, 111, 119, 122
process improvement and, 77–83
as quality tool, 38, 39
symbols in, 81

Flue gas desulfurization systems, 82
FMEA. See Failure modes and effects analysis 

(FMEA)
Focus on customers, 5, 14, 18, 19, 29, 106
Force-field analysis, 98–99, 110, 513
Ford Motor Company, 470–474, 513
Formulas

approximations, 316
attribute control charts, 352
availability, 393
average and range charts, 208
average and standard deviation (s) charts, 

208
binomial probability distribution, 316
capability indices, 249
combinations, 316
fraction nonconforming (p) chart, 352
hypergeometric probability distribution, 316
individuals and moving-range charts, 283
median and range charts, 283
moving-average and moving-range charts, 

283
nominal X and R charts, 283
normal distribution, 316
number nonconforming (np) charts, 352
number of nonconformities per unit (u) 

charts, 352
percent nonconforming chart, 352
permutations, 316
Poisson probability distribution, 316
probability, 316
process capability, 249
reliability, 393
short-run charts, 283
for statistics, 156
variable control charts, 208

Fractional factorial design, 513
Fractional factorial experiments, 415–16
Fraction defective chart. See Fraction noncon-

forming (p) charts
Fraction nonconforming (p) charts

assignable causes, 327
attribute charts, 325–35, 352–53
centerline, 326, 327, 330, 332, 333, 335
constant sample size, 325–29
control limits, 326, 327, 330, 332–34
data collection for, 325, 326, 330
defined, 513
formulas for, 352
interpreting, 326, 327, 332
process capability, 326
revising, 327–29, 333
variable sample size, 330–334

Fraction nonconforming, calculating, 315–25
Frequency

of audits, 480

cumulative frequency distribution, 139, 141
normal frequency distribution. See Normal 

frequency distribution
Frequency diagrams

construction of, 134–35
defined, 134–35, 513
in graphical data analysis, 134–35
histograms vs., 136
individual values compared with averages, 

234–35
statistics and, 146–48

Frequency distribution, 512
FTA (Fault Tree Analysis), 456
Full factorial design, 415, 513
Full factorial experiments, 415, 418
Funnel experiment, 31, 33, 513
Future predictions, of process performance, 234

Gage control system, 18
Global competition, 20, 21
Globalization, 37
Goals, importance of, 34
Go/no-go information, 510
Grand averages, 176, 178, 419
Graphical data analysis

cumulative frequency distribution in, 
139, 141

frequency diagrams in, 134–35
histograms in, 136–39

Greek temples, design of, 10
Green Belt Certification, 20, 54, 55,  

57–58, 513
Greenman v. Yuba (1962), 454
Grouped data, 130–131, 513
Gryna, F. M., 514
Guide to Quality Control (Ishikawa), 514
Hagar Qim, 9
Hazards and hazard analysis techniques, 

456–57
Henninsen v. Bloomfield (1960), 454
Heraclitus, 20
Hidden costs, 435
Histogram(s)

analysis of, 138–39
averages and, 171–72
cause determination and, 93
construction of, 136–38
control charts and, 171, 172
defined, 93, 513
discrepancies in, 139
frequency diagrams vs., 136
in graphical data analysis, 136–39
interpretation of, 137–38
problem solving and, 108
process improvement and, 93
as quality tool, 38, 39
reading, 140–141
statistics and, 146, 148
variable control charts and, 171–72
variation and, 172

History of Managing for Quality,A (Juran), 10
Homogeneous subgroup, 529
”Hope for instant pudding”. See Instant 

 pudding
Human errors, 134
Human resources

continuous improvement and, 18
Hypergeometric probability distribution, 

305–6, 316
Hypothesis, experiment errors and, 419

IAQG (International Aerospace Quality 
Group), 24, 50–51

Imai, Masaaki, 514
Implied warranty, 454, 513
Improvement. See Quality improvement
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Improvements, standardizing. See Continuous 
improvement; Process improvement

Improvement team, 70, 71
Independent, 513
Independent events, 300–301
Individuals and moving-range charts

centerline, 261
control charts, 261–65
defined, 513
formulas for, 283

Individual values
averages compared with, 234–35
chart plotting all values, 266, 268
individuals and moving-range charts, 261–65

Inductive statistics, 130, 513
Industrial Revolution, 9
Input, 5
Inspection

for defects, 11
defined, 11, 513
prevention vs., 12
as quality principle, 11
results of, 449–52

Instant pudding, Deming’s caution, 35, 513
Institute of Medicine, 44
Intangible costs, 435, 442, 448, 513
Interaction, 411, 413, 422
Interdisciplinary Problem-solving or Quality 

Improvement Team, 513
Interdisciplinary problem-solving team, 70
Internal benchmarking, 479
Internal customer, 106, 513
Internal failure costs, 434–36, 442, 513
Internal process changes, 18
International Aerospace Quality Group 

(IAQG), 24, 50–51
International Organization for Standardization 

(ISO), 16, 19, 514. See also ISO entries
Internet

customer-oriented approach to quality and, 20
as opportunity or threat, 22

Interrelationships and approximations, in 
distributions, 314–15

Introductory design review, 457
Inventory control systems, 18
Ishikawa, Kaoru, 38–40, 88, 511, 513, 518
Ishikawa diagrams. See Cause-and-effect (Ishi-

kawa) diagram(s)
ISO 9000

auditing and, 48
as baseline, 16
benchmarking and, 477
benefits of, 48–49
compared with other quality systems, 57
continuous improvement and, 19
costs of certification, 49
defined, 14
Deming and, 35
documentation, 47
example, 50
key principles, 46
management involvement in, 47, 49
principles of, 19
as quality system, 45–49
reason for creation of, 16
record keeping, 47
registration process, 48, 49
year 2000 revision, 35

ISO 9000 Series Standards, 514
ISO 9000:2015, 46, 50
ISO 9001, 46, 48–50
ISO 9001:2015, 46, 47
ISO 13485, 50
ISO 14000, 514
ISO 14000: Environmental Management 

Standard, 51

ISO 16949, 50
ISO/IEC 17025, 49
ISO/TS 16949, 49, 50, 514

Japan, 28, 35, 38, 513, 515, 518
Japanese quality paradigm

fundamentals, 38, 39
quality through leadership and, 39–40

Japanese Way, The (Ishikawa), 514
Jiro, Kawakita, 86
Job titles, quality-related, 22
Job tracking, 18
Joint probability, 301–2, 514
Juran, Joseph M., 4, 10, 22, 35–36, 38, 40–42, 

74, 514–16, 518
Juran Institute, 514
Juran on Leadership for Quality (Juran), 36, 

514
Juran’s Quality Control Handbook (Juran), 4, 

514
Just-in-time, 4
Just-in-time manufacturing, 19, 514
Kaizen, 19, 514
Kaizen: The key to Japan’s Competitive Success 

(Imai), 514
Kanban, 19, 514
Kano, Noriaki, 21
Kano model, 21
Kite, Don, 3
Knowledge

system of, interrelated parts, 35
theory of, 35

Knowledge management, 52
Kurtosis, 138, 149, 514

Lang, Andrew, 128
Lawsuit, defined, 454, 514. See also Product 

liability lawsuits
LCL (lower control limit), 173, 514
Leadership, 61. See also Management involve-

ment
defined, 514
Deming on, 30
effective, 35
Feigenbaum on, 37
Juran on, 36
Malcolm Baldrige National Quality Award 

and, 52
quality through, focus areas, 39–40

Leading: The Art of Becoming an Executive 
(Crosby), 512

Lean, defined, 514
Lean manufacturing, 514
Lean production

airlines example, 20
defined, 19
usages of, 19–20

Leptokurtic distribution, 138, 139, 514
Let’s Talk Quality(Crosby), 512
Level, 411, 412
Level changes, 184–86, 186
Liability. See Product liability
Liability loss control programs, 455

product design and development, 456–59
product recalls, 459–60
quality assurance involvement, 460–464

Life cycle (product) curve, 379–81
Line balancing, 514
Location

as characteristic of distribution, 138, 139
mean, 139–40
median, 141, 142
mode, 142
relationship among mean, median, and 

mode, 143, 144
Logistics, 514

Loss function, 40, 243, 518
Lot sizes, 18
Lower control limit (LCL), 173, 514

Machine That Changed the World, The, 19
MacPherson v. Buick Motor Company (1916), 

454
Maintenance, 378–81
Malcolm Baldrige National Quality Award, 45

baselining and, 52
benchmarking and, 52, 477
case study involving, 61–64
compared with other quality systems, 57
criteria for, 52, 61–64
description of, 46, 51, 514
operations and, 53, 63
quality systems and, 51–53
winners since 1988, 53

Management for quality. See Quality 
 management (QM)

”Management for quality”, 29
Management involvement. See also Leadership

in continuous improvement, 13–14
in customer’s definition of quality, 37
Deming on, 28–30
Feigenbaum on, 37
in ISO 9000, 49
in problem-solving process, 68
top-management commitment and, 14, 518

Managerial Breakthrough (Juran), 36
Managerial processes. See Quality control; 

Quality improvement
Manufacturing

automotive, 50, 66–67, 78
cellular, 511
just-in-time, 19, 514
lean, 19, 514
quality in, 431–32
specifications in, 6, 7
variation in, 6

Marketing, 457–58
Market-in quality, 39
Mass production, 10–11
Master Black Belts, 55, 57, 58
Mead, Margaret, 35–36
Mean

analysis of means (ANOM), 419–20, 510
calculation of, 139–40, 141
defined, 139, 514
relationship with median and mode, 143, 144
root mean square deviation, 145
using with mode, median, standard devia-

tion, and range, 145–46, 148
Mean life, 381–82
Mean time between failures (MTBF), 381
Mean time to failure (MTTF), 381
Measurement error, 514
Measurement(s)

errors in, 131–34
X charts and, 174, 175

Measure of confidence, 419
Measures of central tendency, 139–43, 145, 

514. See also Mean; Median; Mode
Measures of dispersion. See Dispersion, meas-

ures of
Measures of performance, 70–74, 478, 479
Measures of reliability

calculating system reliability, 382–84
failure rate, mean life, and availability, 381
failure-terminated tests, 380
sequential tests, 380
time-terminated tests, 380

Measuring instruments, 134
Median

calculation of, 141–42
defined, 141, 514
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relationship with mean and mode, 143, 144
spread and, 145–46
using with mean, mode, standard deviation, 

and range, 145–46, 148
Median and range charts, 269–72, 273

centerline, 269, 270, 272
defined, 269
formulas for, 283
illustrated, 272, 273

Median chart, 514
Merchantability, 454
Mission statement, 16
Mistake proofing. See Error proofing
Mistakes, 189, 190. See also Errors
Mode

calculation of, 143
defined, 142, 514
histograms and, 138, 139
relationship with mean and median, 141–42, 

143
unimodal, bimodal, and multimodal, 138, 

139, 142
using with mean, median, standard devia-

tion, and range, 145–46, 148
Motorola Corporation, 19, 51, 53
Motor vehicle manufacturing, 50, 66–67, 78
Moving-average charts, 263, 265–66, 267, 283
Moving range, 514
Moving-range charts

centerline, 261
defined, 514
formulas for, 283
individuals and, 261–65
moving-average charts and, 263, 265–66, 

267
MTBF (Mean time between failures), 381
MTTF (Mean time to failure), 381
Multimodal distribution, 138, 142, 514
Multi-vari analysis, 268–69, 514
Mutually exclusive events, 299, 515

Naval Air Systems Command, 518
Negligence

contributory, 454
defined, 454, 515

New Economics, The (Deming), 34
Newton, Isaac, 306, 510
Noise factor, 411, 413, 422
Nominal X and R charts

centerline, 280, 281
defined, 279, 515
formulas for, 283

Nonconformance, 4, 515
Nonconforming conditions, 325
Nonconforming units, 337

attribute control charts for, 325–39, 342
attribute data and, 130

Nonconformities. See Number of nonconform-
ities (c) charts; Number of nonconformities 
per unit (u) charts
defined, 325
for p chart, 325

Nonconformities-per-unit chart, 515
Nonconformity, 515
Nonfaulty systems, 4, 30
Nonmutually exclusive events, 299–300, 515
Nonrandom sample, 129
Non-value-added activities, 441–42, 515
Normal approximation, 315
Normal curves, 151, 489–90
Normal distribution

case study involving, 322–23
central limit theorem and, 149
continuous probability distribution and, 

313–14
formula for, 316

Normal frequency distribution
defined, 151
features of, 151
standard normal probability distribution (Z 

tables), 152–53
Normal probability distribution, 313–14, 

322–23
Number nonconforming (np) chart

case study involving, 364–68
centerline, 337
control limits, 337
data collection for, 335, 337
defined, 515
formula for, 352
interpreting, 337

Number of nonconformities (c) charts
case study involving, 369–71
centerline, 341
control limits, 341
data collection for, 339, 341
defined, 515
formulas for, 352
interpreting, 341
making, 341
managing claim filing lag time example, 

343–45
revising, 343

Number of nonconformities per unit, 343, 346
Number of nonconformities per unit (u) charts

centerline, 343, 346, 348, 350
constant sample size, 343, 346–47
control limits, 343, 346, 348, 350
data collection for, 343, 346, 348
defined, 343, 515
formulas for, 352
interpreting, 346, 348
revising, 350
tracking improvements with, 348–49
variable sample size, 346, 348–50

One piece flow, 515
Operating characteristic (OC) curve, 515
Operational goals, 406
Opportunity, area of, 310
Optimal picking cycles, 420–422
Order document, 464
Order picking, packing, and shipping, 84–85, 

420–422
Orthogonal arrays, 416, 417, 419
Oscillating trend, 186
Out of the Crisis (Deming), 29, 34, 512, 513
Output, 5
Outsourcing, 20, 21, 37
Overall equipment effectiveness, 515
Overcompensation, 32
Overproduction, 19
Overruns, 24

Pagers, failure of, 376
Parallel system, 383–84
Pareto, Vilfredo, 74, 515
Pareto chart(s), 437

auto manufacturing example, 78
construction of, 74–77
defined, 74, 515
80-20 rule and, 74
in product liability example, 472–73
as quality tool, 38, 39
root cause analysis and, 79, 105, 107
solution evaluation example, 99

Parts per million (PPM), 515
p charts, 515. See also Fraction nonconforming 

(p) charts PDSA cycle. See Plan-Do-Study-
Act (PDSA) cycle

Percent nonconforming chart
centerline, 335

defined, 515
formula for, 352
interpreting, 335, 336

Perception benchmark assessment, 476
Performance, quality of, 4
Performance improvement

benchmarking and, 478, 479
Performance measures

in benchmarking, 478, 479
in problem solving, 70–74, 105

Permanence ensurance, 99–100
Permutations

calculating, 304–5
combinations and, 302–5
defined, 304, 515
formula for, 316
in industry, 302–4
use of, 302

PHA (Preliminary Hazard Analysis), 456
Picking, order, 420–422
Piece-to-piece variation, 173
Plackett-Burman screening designs, 416–18
Plaintiffs

defined, 454, 515
in product liability lawsuits, 465

Plan-Do-Study-Act (PDSA) cycle. See also 
 specific phases of cycle (plan, do, study, act)
audit design and, 481–83
defined, 34, 515
Define-Measure-Analyze-Improve-Control 

(DMAIC) compared to, 67–68
hospital example, 34
problem solving and, 67
process improvement model and, 69
warehouse example, 101–4

Planned experimentation
acting on results of, 413
analyzing data in, 413
designing the experiment, 413
experiment components, 413
performing the experiment, 413
problem definition for, 413

Plan phase, of Plan-Do-Study-Act (PDSA)  
cycle
auditing and, 483
cause determination in, 83–95
described, 34
flowcharts in, 77, 81
form improvement team, 70, 71
performance measures in, 70–74, 78–79
problem definition in, 73–77
problem/process analysis in, 77, 80–83
problem recognition in, 68, 70
in process improvement model, 69
setting goals in, 70
warehouse example, 101–4

Platykurtic distribution, 138, 139, 515
Poisson approximation to the binomial, 

314–15
Poisson probability distribution, 310–316, 

505–8, 515
Poisson table, 310, 312–13
Pollution prevention, 51
Pon Du Gard, 10
Poor quality, cost of, 36, 511
Populations

defined, 129, 515
samples vs., 129–30
two populations, 188, 189

Population sigma, estimating from sample 
data, 236–37

Population standard deviation, 236
Postproduction design review, 457
Power outages, 378
PPM (Parts per million), 515
Precision, 131–34, 192, 515
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Precontrol charts
attribute data and, 276
case study involving, 291–92
defined, 276, 515
zones in, 276–78

Precontrol sampling plan, 277, 278
Predictability, 8, 9
Predictions, 234
Preliminary design review, 457
Preliminary Hazard Analysis (PHA), 456
Prevention

of defects, 37
defined, 12
detection vs., 515
inspection vs., 12
of pollution, 51

Prevention costs, 434–36, 515
Preventive maintenance efforts, 19
Priorities, 86
Privity, 454, 516
Probability

binomial probability distribution, 306–10, 
314–15, 494–504, 510

case studies involving, 321–23
continuous probability distribution, 313–14
defined, 297, 298, 516
dependent events, 300
determining, 298
discrete probability distributions, 305–13
distribution interrelationships and approxi-

mations, 314–15
of events not occurring, 298–99
formulas for, 316
hypergeometric probability distribution, 305–6
independent events, 300–301
introduction to, 297–98
joint, 301–2, 514
mutually exclusive events, 299
nonmutually exclusive events, 299–300
normal distribution, 313–14, 315, 322–23
permutations and combinations, 302–5
Poisson probability distribution, 310–15
reliability and, 381, 382
sum of, 298
system reliability and, 382–84
theorems for, 276–80, 316

Problem analysis, 105
Problem definition, 73

check sheets, 73–74
in design of experiments (DOE), 413
Pareto charts, 74–79
in planned experimentation, 413
X and R charts and, 175

Problem/process analysis, 77
process maps and, 77–83
value stream process mapping and, 81, 83

Problem recognition, 68, 70
Problem solving. See also individual entries

act phase of, 99–100
case studies, 119–123
cause-and-effect diagrams in, 219
control charts as tool for, 171–72
defined, 66, 516
do phase of, 95–99
employee involvement in, 38
Feigenbaum on, 37
management involvement in, 68–95
PDSA and DMAIC compared, 67–68
PDSA cycle in, 34, 35
permanence ensurance and, 99–100
Plan-Do-Study-Act (PDSA) in warehouse 

example, 101–4
plan phase of, 68–95
process improvement model, 69
process improvement steps in, 66–68
root cause analysis and, 66–67, 105–111

Six Sigma and, 53, 55
solution identification, selection, and 

 implementation, 95–99
study phase of, 99
teamwork and, 66, 67
tools, 67, 68

Process capability, 233
assessment with X and R charts, 235–38, 

245–48
case studies involving, 253–59
control limits vs. specification limits, 235–38
defined, 234, 516
estimation of population sigma from sample 

data, 236–37
formulas for, 249
fraction nonconforming (p) charts and, 326
freight hauling example, 242
individual values compared with averages, 

234–35
introduction to, 234
process improvement and, 256–59
Six Sigma and, 55
Six Sigma spread vs. specification limits, 

237–40
steering wheel assembly example, 247–48
warehouse example, 238

Process capability indices
calculating Six Sigma, 239–42
capability index, 242–43
capability ratio, 243–44
defined, 239, 516

Process capability ratio, 243–44
Process control

defined, 516
state of, 181, 183–84
statistical, 12–13, 518

Process(es)
common cause variation in, 184, 185
continuous improvement as, 13–15
under control, 8
defined, 5, 516
illustrated, 5
need for improvement of (example), 6
predictability of, 8, 9
standardized, 6
statistical process control, 12–13, 518
tampering with, 33–34

Process flow charts. See Flowchart(s)
Process flow diagrams, 80
Process improvement. See also Problem solving

act phase of, 99–100
averages and, 192
based on design of experiments (DOE), 414
case studies involving, 121–23, 166–69, 

225–28, 256–59
check sheets, 73–74
continuous improvement and, 111
Deming’s three stages, 31
do phase of, 95–99
flowcharts for, 77, 80, 81
histograms and, 93
model, 69
Plan-Do-Study-Act (PDSA) cycle and, 67, 68
plan phase of, 68–95
process capability and, 256–59
root cause analysis and, 66–67
solution evaluation, 99
solution identification, selection, and imple-

mentation, 95–99
steps in, 66–68
study phase of, 99
success and, 5
X and R charts and, 225–28

Process information diagrams, 105
Process maps, 77–83, 102, 439, 441–42, 516. 

See also Flowchart(s)

Process owner, 516
Process part approval process (PPAP), 516
Process variation, 181
Product cost overruns, 24
Product design and development

advertising and marketing, 457–58
design reviews, 457, 458
hazards and, 456–57
product warnings and instructions, 457–59
standards and, 457, 459
unsafe aspects in, 456, 458
unsafe use and, 456–57, 458

Production leveling, 19
Production processes, error-proofing, 19
Productivity

defined, 516
quality vs., 8

Product liability
aircraft example, 468–69
appraisal costs, 460
case studies involving, 468–74
company consciousness of, 458–59
costs of, 453
courts and, 465
defects and, 455–56
defined, 516
evolution of, 454
future considerations, 465–66
hazard analysis techniques, 456
hazards, 456–57
liability loss control programs, 455–64
negligence and privity, 454
product design and development, 456–59
product recalls, 459–60
quality assurance involvement, 460–465
results of losses in (examples), 453
strict liability, 454, 518
tire example, 470–474
warranties and, 454–55

Product liability expert, 460
Product liability lawsuits (courts, defendants, 

expert witnesses, and plaintiffs), 465
Product life cycle curve, 379–81
Product realization, 50
Product recalls, 459–60
Product warnings and instructions, 457–59
Profit, quality costs vs., 435, 436
Profound knowledge, 35
Project-by-project implementation proce-

dure, 36
Project teams, 36
Proposal review, 457
Psychology, 35
Pull system, 516

QC. See Quality control (QC) QFD.  
See Quality function deployment (QFD)

QS 9000, 50, 516
Qualitas, 10
Quality, 3. See also Benchmarking; Reliability

acceptable level of, 29
big Q and little q, 35–36
customer experience and, 37
customer-oriented approach to, 20
customer satisfaction and, 29
defined, 4, 41, 516
economics of, 38, 431
erroneous assumptions about, 38
evolution of, 9–20, 24–25
future of, 20–22
for global economy, 22
job title definitions related to, 22
seven tools of, 517
success and, 5–9

Quality, Productivity and Competitive Position 
(Deming), 512
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Quality advocates
Crosby, Philip, 4, 37–38, 40, 41, 434, 518
Deming, W. Edwards, 4, 28–35, 38, 40, 41, 

67, 101, 172, 512, 513, 517, 518
Dodge, H. F., 12
Feigenbaum, Armand, 4, 30, 37, 41, 95, 

513, 518
Ishikawa, Kaoru, 38–40, 88, 511, 513, 518
Juran, Joseph M., 4, 10, 22, 35–36, 38, 

40–42, 74, 514–16, 518
Romig, H. G., 12
Shewhart, Walter A., 12, 27–28, 31, 34, 35, 

481, 517
Taguchi, Genichi, 40, 41, 243, 416–18, 518

Quality assurance (QA). See also Quality 
control (QC)
defined, 516
liability loss control programs and, 460–465
statistics in, 128–29

Quality audit, 516
Quality circles, 19, 38, 516
Quality control (QC). See also Quality 

 assurance (QA)
defined, 12, 516
Juran on, 36
as stage beyond inspection, 12
statistical, 12

Quality control charts for attributes. 
See  Attribute control chart(s)

Quality Control Circles at Work (Ishikawa), 
514

Quality Control Department, 17
Quality-cost measurement system, 435–40
Quality cost(s), 429

appraisal costs, 434, 435, 442, 448, 510
case studies involving, 445–52
categories of, 435
as Crosby’s absolute, 37
for decision making, 440, 442
defined, 430–432
examples, 430–432
external failure costs, 434, 435, 437–40
failure costs, 434, 435, 437, 442, 448
globalization and, 37
iceberg of, 431, 432
intangible costs, 435, 442, 448, 513
internal failure costs, 434–36, 513
introduction to, 430–431
in manufacturing industry, 431–32
in measurement system for, 435–40
Pareto chart and, 437
for poor quality, 36, 511
prevention costs, 434–36, 518
profit vs., 435, 436
reducing, 437–40, 441–42
in service industry, 431–32
total, 435
types of, 433–35
uncovering, 436

Quality engineer, 21
Quality function deployment (QFD)

benefits of, 402
case study involving, 425
creating, 403–9, 410
customers and, 402–9, 410
defined, 402, 516
horizontal component, 402
objective of, 402
process, 402–3
specifications and, 402
steps in, 403
vertical component, 402

Quality improvement. See also Problem solving
Deming on, 29
Deming’s ”hope for instant pudding” 

 caution, 35

Juran on, 22, 36
time needed for, 35

Quality improvement team, 70, 71
Quality Is Free (Crosby), 4, 434, 512
Quality knowledge, 21
Quality management (QM)

absolutes of, 37–38
compared with other quality systems, 57
defined, 516
total, 13, 518

Quality management system, 516. See also 
Quality system(s)

Quality manual, 516
Quality of conformance, 4
Quality of design, 4
Quality of performance, 4
Quality paradigm, 38, 39
Quality plan, 516
Quality planning, 36
Quality Planning and Analysis (Juran and 

Gryna), 514
Quality principles, modern, 10
Quality records, 48, 516
Quality standards, 16, 19
”Quality System Requirements QS 9000”, 50
Quality system(s), 45. See also ISO topics; 

System(s)
AS 9000, 50
AS 9100, 49
case study involving, 61–64
comparison of systems, 57
defined, 46
Feigenbaum on, 37
Malcolm Baldrige National Quality Award, 

46, 51–53, 61–64
QS 9000, 50
Six Sigma, 53–59
supplier certification requirements and, 

49–51
TL 9000, 49, 50
TS 16949, 46
VDA6.1, 50

Quality tools, 38, 40
Quality trilogy, 516–17
Quality without Tears (Crosby), 512
Quick changeover, 517

Random sample, 129, 517
Range

calculation of, 136, 144
defined, 144, 517
median and range charts, 269–72, 273
moving, 261
moving-range charts, 261–65
using with mean, mode, median, and 

 standard deviation, 145–46, 148
Range charts. See also R charts

defined, 517
formulas for, 208, 283

Ratio of tolerance and Six Sigma, 242
R charts. See also X and R charts

centerline, 180–181
formula for, 208
nominal, 279–82, 515
process capability assessment with, 235–38, 

245–48
Shewhart’s development of, 27
trial control limits for, 180–181

Recalls, 459–60
Record keeping, 47
Recurring cycles, 186–87, 189
Red bead experiment, 31, 517
Redundancy, 377–79
Redundant systems, 384
Registrars, accredited, 510
Registration to standards, 517

Reliability, 375
case studies involving, 398–400
in combination systems, 384, 385
defined, 376, 517
disasters that could have been averted, 

377–79
in entire system, 377, 378, 398
failure rate, mean life, and availability, 381
failure-terminated tests, 380
formulas for, 393
introduction to, 376
measures of. See Measures of reliability
parallel systems and, 383–84
probability theory and, 381, 382
product life cycle curve, 379–81
in redundant systems and backup 

 components, 384
sequential tests, 380
in series, 382
sudden failure and, 376
in systems, 382–84
time-terminated tests, 380
training and education in, 377

Reliability engineers, 21, 384–85
Reliability programs, 376–79
Repair, 517
Repeatability, 132, 517
Repetition, 412, 413, 422
Replicate, 412, 413, 422
Reproducibility, 517
Response variable, 411–13, 422
Responsibility, 30
Responsibility matrix, 55
Rework, 517
Roman roads, design of, 10
Romig, H. G., 12
Root cause analysis, 67–68, 79, 105–11, 517
Root mean square deviation, 145
Run chart(s)

attribute data and, 272
case study involving, 293
cause determination and, 94–95
decision making and, 275
defined, 94, 272, 517
illustrated, 274
process improvement and, 94–95
short-run, 278–83

Runoff, 146, 148
Run(s), 186–88, 412, 413, 422

Safety, product design and development and, 
456–58

Sample(s) and sampling
case study involving, 229–32
defined, 129, 517
estimating population size from sample data, 

236–37
nonrandom, 129
populations vs., 129–30
precontrol sampling plan, 277
random, 129, 517
standard deviation of, 145
subgroups and, 176, 177
taking a sample, 129–30
unbiased, 129

Sample size
attribute data and, 332
case study involving, 229–32
fraction nonconforming (p) chart, 325–35
number of nonconformities per unit (u) 

charts and, 343, 346–50
of subgroups, 176, 177
variable, 330–334

Sample standard deviation chart, 517
Satherwaite, Frank, 276
Satisfied customer, 21, 37, 38, 54, 84–86, 512
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Scandinavian ships, design of, 10
Scatter diagram(s)

in cause determination, 93–94
cause determination and, 93
defined, 93, 517
as quality tool, 38, 40

s charts. See Standard deviation (s) charts;X 
and s charts

Screening designs, Plackett-Burman, 416–18
Seneca, 66
Sequential tests, 380
Series, reliability in, 382
Series systems, 382–83
Service industries

inspection in, 12
quality in, 431–32
specifications in, 6
variation in, 6

Service liability, 516. See also Product liability
Setup times, 19
Seven tools of quality, 517
Shape

as characteristic of distribution, 138, 139
histogram analysis and, 138, 139

Shewhart, Walter A., 12, 27–28, 31, 34, 35, 
481, 517

Shewhart cycle. See Plan-Do-Study-Act (PDSA) 
cycle

Short-run charts, 278
formulas for, 283
nominal X and R charts, 279–82

Significance, 412, 413, 422
Significant figures, 134, 517
Simplicity of design, 377, 378
Single factor experiments, 414–15
Single Minute Exchange of Dies (SMED), 517
Single piece flow, 515
Singo, Shigeo. See Single Minute Exchange of 

Dies (SMED)
Six Sigma. See also Define-Measure-Analyze-

Improve-Control (DMAIC) cycle
abbreviations and terms, 55
achieving levels of process performance, 54
Black Belt certification in, 54, 57–58, 510
comparison of other systems to, 57
creation of, 53–54
criticisms of, 57
defined, 517
development of, 19
DMAIC compared to PDSA, 67–68
DMAIC cycle, 55
Green Belt Certification, 20, 54, 55,  

57–58, 513
justifying a project, 54–55
origin of term, 55
phases, 55
problem-solving steps, 55
process capability and, 55
purpose of, 54
quality defined by, 41
reason for, 19
responsibility matrix, 55

Six Sigma methodology, 14, 19
Six Sigma, calculating, of a new process, 

239–42
Six Sigma spread vs. specification limits, 

237–40
Skewed distribution, 138–40, 148
Skewness

defined, 148, 517
dispersion and, 148
histograms and, 138–40

SMED (Single Minute Exchange of Dies), 517
Smith, Bill, 53–54
Software quality engineer, 21
Solution(s)

evaluation of, 99
identification, selection, and implementation 

of, 95–99
SPC (Statistical process control), 12–13, 517
Special causes, 27, 35, 510, 517–18
Specification limits

control limits vs., 235–38, 237, 238
Six Sigma spread vs., 237–40

Specification(s)
defined, 6, 518
examples, 8
illustrated, 7
quality function deployment (QFD) and, 402
variation and, 6–8

Spread
as characteristic of distribution, 138, 139
kurtosis and, 149
range and, 144
Six Sigma spread vs. specification limits, 

237–40
skewness and, 148
standard deviation and, 144–46, 148
using mean, mode, median, standard devia-

tion, and range together, 145–46, 148
SQC (Statistical quality control), 12, 517
Stability, 181, 183
Standard deviation, 146

calculation of, 144–45
defined, 144, 518
determination of, 145
factors for computing, 491
population standard deviation, 236–37
sample standard deviation chart, 518
spread and, 143–44
using with mean, median, mode, and range, 

145–46, 148
Standard deviation (s) charts, 203–6

formulas for, 208
R charts compared to, 192
X charts and, 203–6

Standardized processes, 6
Standardized work procedures, 19
Standard normal probability distribution 

(Z  tables), 152–53
Standard(s). See Benchmarking; ISO topics; 

Liability loss control programs; Malcolm 
Baldrige National Quality Award; Product 
design and development; Six Sigma

Statistical control charts, 28
Statistical Method from the Viewpoint of 

Quality Control (Shewhart), 515
Statistical process control (SPC), 12–13, 518. 

See also Variable control chart(s)
Statistical quality control (SQC), 12, 518
Statistics, 127. See also individual entries

accuracy and, 131–34
analytical data analysis and, 139–49
case studies involving, 164–69
central limit theorem and, 149–51
confidence intervals and, 154–55
data collection and, 130–131
deductive, 130
defined, 128, 518
descriptive, 130
Feigenbaum on, 37
formulas for, 156
graphical data analysis and, 134–41
inductive, 130
introduction to, 128
measurement error and, 131–34
normal frequency distribution and, 151–53
populations vs. samples, 129–30
precision and, 131–34
in quality assurance, 128–29
repeatability and, 131–34
samples and sampling, 129–30

Strategic planning, 52, 61–62
Strict liability, 454, 518
Study phase, of Plan-Do-Study-Act (PDSA) 

cycle
auditing and, 481, 483
described, 34
solution evaluation, 99
warehouse example, 101

Subgroup averages, 419–20
Subgroup(s)

control charts and, 176, 177
homogeneous, 513
size of, 176, 177
variable subgroup size charts, 275–76

Success, ingredients for
corporate culture, 5
processes and process improvement, 5–6
productivity, 8–9
variation, 6–9

Successful customer, 38
Sudden failure, 376
Sum of the probabilities, 298
Supplier certification requirements, 49–51, 477
Supplier involvement, 18
Suppliers, 518
Supply chain, 518
Surgical stapler fork height study, 193–203
Symmetrical distribution, 138, 518
System in series, 382
System reliability, 382–84
System(s). See also Quality system(s)

combination systems reliability and, 384, 385
defined, 518
nonfaulty, 4, 30
parallel, 383–84
redundant, 384
reliability measures and, 382–84
reliability programs and, 376–79
series system reliability and, 382

Systems thinking, 34

Tables of Screening Designs (Wheeler), 416
Taguchi, Genichi, 40, 41, 243, 416–18, 518
Taguchi designs, 40, 416–18
Taguchi loss function, 243, 533
Taguchi methods, 518
Taguchi Methods (Taguchi), 518
Takt time, 518
Tally sheets. See Check sheet(s)
Tampering, 33–34, 518
Tarxien Temple, 9
Tasty Morsels Chocolates, 24–25
Taylor, Charles E., 380
t distribution, 492–93
Teams

interdisciplinary, 70
problem solving, 38, 66–67
project (Juran), 36
quality circles and, 516
quality improvement, 70, 71

Teamwork, 67
Technical requirements, 404, 405
Telecommunications industry, 50
Temple of Concord, 10
Theorems, for probability, 298–302, 316
Time-terminated tests, 380
Time-to-time variation, 173
Tires, product liability and, 470–474
TL 9000, 49, 50
Tolerance limits

defined, 6, 8, 518
examples, 8
precontrol charts and, 276

Tolerance, ratio of, 242
Top-management commitment, 14, 518
Total Quality Control (Feigenbaum), 4, 37, 513
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Total quality costs, 435, 518
Total quality management (TQM), 13, 518
Trade policies, shifting, 20, 22
Traditional improvement, continuous 

 improvement vs., 14
Traffic accidents, 275
Training

for Black Belt and Green Belt Certification, 
20, 54, 55, 57–58, 510, 513

for Certified Quality Engineer, 57, 58
Deming on, 29, 30
liability loss and, 458
records of, 47
reliability programs and, 377

Treatment, 412, 422
Trends, in level, 184–86
Trial and error experiments, 409–11
TS 16949, 46, 477
”Turning a plane”, 20
t value, 155
Twain, Mark, 128
Two populations, 188, 189
Type I errors, 419, 518
Type II errors, 419, 518

u charts. See Number of nonconformities 
per unit (u) charts

UCL (upper control limit), 173, 174
Unbiased sample, 129
Uncontrolled variation, 27, 35, 518
Under control, 8, 27, 181, 237, 518
Ungrouped data, 130, 518
Unimodal curve, 151
Unimodal distribution, 142
Union of Japanese Scientists and Engineers 

(JUSE), 38
United Airlines, 20
Unsafe use, 456–57, 458
Upper control limit (UCL), 173, 518
S. Commerce Department’s National Institute 

of Standards, 514

Value-added activities, 5, 518
Value analysis, 519
Values, individual, 234–35, 261–68
Value stream, 519
Value stream process mapping, 81, 83
Variable control chart(s), 260. 170, 239. 

See also Control chart(s); X and R charts
case studies involving, 216–32, 291–93
centerline, 173, 176, 178, 180, 182
control chart functions of, 172–72
control limits and, 180
creating, 173–74
formulas for, 208, 283
histograms and, 171
individuals and moving-range charts, 

261–65
lower control limit, 514

median and range charts, 269–73
moving-average and moving-range charts, 

263, 265–66, 267
multi-vari analysis and, 268–69
nominal X and R charts, 279–82
plotting all individual values, 266, 268
precontrol charts, 276–78, 279, 291–92, 515
run charts, 272, 274–75, 293
selection flowchart for, 283, 284
short-run charts, 278–83
upper control limit, 173, 518
variables, 174
for variable subgroup size, 275–76
variation and, 172–73
X and s charts, 192, 203–6

Variable(s)
data, 130, 174, 519, 534
defined, 174, 519
response, 411–13, 422

Variable subgroup size charts, 275–76
Variance. See Analysis of variance (ANOVA)
Variation. See also Variable control chart(s)

averages and, 174
chance and assignable causes, 173, 181
common cause, 184, 185
control charts and, 172–73
controlled vs. uncontrolled, 27, 35
defined, 172, 519
piece-to-piece, 173
Plan-Do-Study-Act (PDSA) cycle for finding 

root cause of, 34
in a process, 172–73, 184, 185
reducing, 8, 9, 31
removal of, 22
state of process control, 181, 183–85
success and, 6–9
time-to-time, 173
uncontrolled, 518
within-piece, 173

VDA6.1, 50
Venn diagram, 299
Vision, 5, 14
Vision statement, 5, 519
Visual management, 19
Voice of the customer, 5, 29, 402, 403

Walkway collapse, 377
Warnings, 457–59
Warranties, 454–55, 512, 513
Warranty Investigation Report, 440
Waste

defined, 519
elimination of, 19, 37
forms of, 20

Wave processing, 420–422
Wear-out phase, in product life cycle, 379
What Is Total Quality Control? (Ishikawa), 

513–14
Wheeler, Donald, 416

Whitney, Eli, 10
WHY-WHY diagrams, 91–93, 101, 102, 439, 

463, 519
Winterbottom v. Wright (1842), 454
Within-piece variation, 173
Witnesses, expert, 465
Worker flexibility, 19
Worker involvement, 19, 39
Workforce, 53, 62–63
Work-in-process, 519
Workmanship, employee pride of, 30, 31

X and R charts
case studies involving, 216–32
centerline, 176, 178, 182, 491
characteristic to be measured, 175
construction of, 174–92
control limits, 178, 180–182, 184, 189–92
corrective action, 190
data collection for, 176–78
factors for computing, 491
level changes, 184–86
mistakes, 189, 190
nominal, 279–82, 283
patterns in, 184–89
problem definition for, 175
process capability assessment with, 235–38, 

245–48
process control and, 181, 183–85
process improvement and, 225–28
process variation, 181
purposes of, 27–28, 190
quality characteristics identification, 175
recurring cycles, 186–87, 189
revising, 189–92
runs, 186–88
sample size and, 229–32
Shewhart’s development of, 27–28
state of process control, 181–85, 185
subgroup size, 176, 177
two populations, 188, 189
typical (illustrated), 28–35

X and s charts
about, 192, 203–6
factors for computing, 491

X chart(s). See also X and R charts
defined, 519
factors for computing, 491
use of, 174

Zero defects, 19, 37, 519
Zones, 276–78, 289
Z tables, 152–53
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Moving average
and moving
range chart

Individuals and 
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chart

Run chart

X and R chart

X and s chart

X and R chart

X and s chart

p chart

np chart

% chart

c chart

Count of 
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Nonconforming

Short

Long

u chart

Median and 
range chart

Short run 
X and R chart
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