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Preface

This book is about the use of modern statistical methods for quality control and im-
provement. It provides comprehensive coverage of the subject from basic principles to
state-of-the-art concepts and applications. The objective is to give the reader a sound un-
derstanding of the principles and the basis for applying them in a variety of both product
and nonproduct situations. Although statistical techniques are emphasized throughout,
the book has a strong engineering and management orientation. Extensive knowledge of
statistics is not a necessary prerequisite for using this book. Readers whose background
includes a basic course in statistical methods will find much of the material easily acces-
sible.

The book is an outgrowth of over 25 years of teaching, research, and consulting
in the application of statistical methods in quality engineering and quality improve-
ment. It is designed as a textbook for students enrolled in colleges and universities who
are studying engineering, management, statistics, and related fields and are taking a
first course in statistical quality control. This course is often taught at the junior or se-
nior level. All of the basic topics for this course are covered in detail. There is also
some advanced material in the book, which could be used with advanced undergradu-
ates who have had some previous exposure to the basics, or in a course aimed at
graduate students. I have also used the text materials extensively in programs for pro-
fessional practitioners, including quality and reliability engineers, manufacturing and
development engineers, managers, procurement specialists, marketing personnel, tech-
nicians and laboratory analysts, and some inspectors and operating personnel. Many
professionals have also used the material for self-study and preparation for certification
examinations.

Chapter 1 is an introduction to the philosophy and basic concepts of quality im-
provement. It notes that quality has become a major business strategy and that organiza-
tions that successfully improve quality can increase their productivity, enhance their
market penetration, and achieve greater profitability and a strong competitive advantage.
Some of the managerial and implementation aspects of quality improvement are in-
cluded.

Following the introductory chapter, the book is divided into five parts. Part I is a de-
scription of statistical methods useful in quality improvement. Topics covered include
sampling and descriptive statistics, the basic notions of probability and probability dis-
tributions, point and interval estimation of parameters, and statistical hypothesis testing.
These topics are usually covered in a basic course in statistical methods; however, their
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presentation in this text is from the quality-engineering viewpoint. My experience has
been that even readers with a strong statistical background will find the approach to this
material useful and somewhat different from that of a standard statistics textbook.

Part IT contains four chapters covering the basic methods of statistical process
control (or SPC) and methods for process capability analysis. Although several SPC
problem-solving tools are discussed (including Pareto charts and cause-and-effect
diagrams, for example), the primary focus in this section is on the Shewhart control
chart for variables and attributes. The Shewhart control chart is certainly not new, but
its use in modern-day business and industry is of tremendous value. Process capability
analysis and methods for evaluating measurement systems are discussed in detail in
Chapter 7.

There are four chapters in Part III that present some more advanced SPC methods.
Chapter 8 is devoted to the cumulative sum and exponentially weighted moving aver-
age control charts. This is not really very advanced material, but it is a nice transition
between the traditional topics of Parts II and III. The other chapters in Part III cover
other important univariate control charts such as procedures for short production runs,
autocorrelated data, and multiple-stream processes (Chapter 9), multivariate process
monitoring and control (Chapter 10), and feedback adjustment techniques (Chapter
11). Some of this material is at a higher level than Part II, but it is accessible by
advanced undergraduates or first-year graduate students. Much of this material forms
the basis of a second course in statistical quality control and improvement for this
audience.

Part IV contains two chapters that show how statistically designed experiments can
be used for process design, development, and improvement. Chapter 12 presents the
fundamental concepts of designed experiments and introduces the reader to factorial and
fractional factorial designs, with particular emphasis on the two-level system of designs.
These designs are used extensively in industry for factor screening and process charac-
terization. Although the treatment of the subject is not extensive and is no substitute for
a formal course in experimental design, it will enable the reader to appreciate more so-
phisticated examples of experimental design. Chapter 13 introduces response surface
methods and designs, illustrates evolutionary operation (EVOP) for process monitoring,
and shows how statistically designed experiments can be used for process robustness
studies. Chapters 12 and 13 emphasize the important interrelationship between statisti-
cal process control and experimental design for process improvement.

There are two chapters on acceptance sampling in Part V. The focus is on lot-by-lot
acceptance sampling, although there is some discussion of continuous sampling and
MIL STD 1235C in Chapter 15. Other sampling topics presented include various as-
pects of the design of acceptance-sampling plans, a discussion of MIL STD 105E, MIL
STD 414 (and their civilian counterparts, ANSI/ASQC ZI.4 and ANSI/ASQC ZI.9), and
other techniques such as chain sampling and skip-lot sampling.

Throughout the book guidelines are given for selecting the proper type of statistical
technique to use in a wide variety of product and nonproduct situations. There are also
extensive references to journal articles and other technical literature that should assist
the reader in applying the methods described.



SUPPORTING TEXT MATERIALS ix
CHANGES IN THE FOURTH EDITION

Based on my own teaching experiences and extensive feedback from other users of
the text, I have made several important changes in this edition of the book. I have
grouped all the basic SPC and process capability techniques into a single section of
the book (Part II) to facilitate topical flow in a first course. I have also expanded the
material on process and measurement systems capability analysis. Much of the
process monitoring and control material in Part III is either new or an expanded ver-
sion of topics that were only briefly introduced in earlier editions. There are numerous
examples that illustrate computer usage for construction and application of control
charts and other techniques. Part IV on process improvement with designed experi-
ments has been reorganized to move more quickly to the factorial design concept. I
have also continued to illustrate how the computer is used in the analysis of data from
designed experiments. I realize that it is possible to present this material without in-
troducing the student to the analysis of variance (indeed, some books have done that)
and give a manual analysis procedure for the two-level designs. I chose to use the
analysis of variance because when the students plan and conduct experiments in the
real world they will use a computer package that uses this method. It’s a disservice to
the students to teach them otherwise.

SUPPORTING TEXT MATERIALS
Computer Software

The computer plays an important role in a modern quality control course. This edition
of the book uses Minitab as the primary illustrative software package. Instructors may
order this book with Minitab included. Another option is a set of statistical programs
supporting most of the control charting and experimental design methods in the book
that are add-ins to the popular Microsoft Excel spreadsheet program. I strongly recom-
mend that one of these alternatives be specified and that the course have a meaningful
computing component.

Supplemental Text Material

I have written a set of supplemental material to augment the book. The supplemental
material contains topics that I could not easily fit in the text without seriously disrupting
the flow. Some of this material is proofs or derivations, new topics of a (sometimes)
more advanced nature, supporting details concerning remarks or concepts presented in
the text, and answers to frequently asked questions. There are many references to the
supplemental material throughout the text. The supplemental material is an interesting
set of accompanying readings for anyone curious about the field. It is available on the
Instructor’s CD-ROM and on the Web at www.wiley.com/college/montgomery.
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Student Solutions Manual

The text contains answers to most of the odd-numbered exercises. There is also a
Student Solutions Manual available on CD-ROM that presents comprehensive annotated
solutions to these same odd-numbered problems. This is an excellent study aid that
many text users will find extremely helpful.

Instructor’s CD-ROM

The instructor’s CD-ROM contains the following:

1. Solutions to the text problems

2. The supplemental text material described above

3. A set of Power Point slides for the basic SPC course
4. Data sets from the book in electronic form

Web Site

The Web Site, www.wiley.com/college/montgomery, contains the supplemental text
material and the data sets in electronic form. It will also be used to post items of interest
to text users.

ACKNOWLEDGMENTS

Many people have generously contributed their time and knowledge of statistics and
quality improvement to this book. I would like to thank Dr. Bill Woodall, Dr. Joe Sulli-
van, Dr. George Runger, Dr. Brian Macpherson, Dr. Bob Hogg, Mr. Eric Ziegel, Dr. Joe
Pignatiello, Dr. John Ramberg, Dr. Ernie Saniga, Dr. Enrique Del Castillo, and Dr. Jim
Alloway for their thorough and insightful comments on the previous edition. They gen-
erously shared many of their ideas and teaching experiences with me, leading to sub-
stantial improvements in the book.

Over the years since the first edition was published I have received assistance and
ideas from a great many other people. A complete list of colleagues with whom I have
interacted would be impossible to enumerate. However, some of the major contributors
and their professional affiliations are as follows: Dr. J. Bert Keats, Dr. George C.
Runger, Dr. Mary R. Anderson, Dr. Dwayne A. Rollier, and Dr. Norma F. Hubele, Ari-
zona State University; Mr. Seymour M. Selig, formerly of the Office of Naval Research;
Dr. Lynwood A. Johnson, Dr. Russell G. Heikes, Dr. David E. Fyffe, and Dr. H. M.
Wadsworth, Jr., Georgia Institute of Technology; Dr. Geoff Vining, Virginia Tech;
Dr. Richard L. Storch, University of Washington; Dr. Cynthia A. Lowry, formerly of
Texas Christian University; Dr. Christina M. Mastrangelo, the University of Virginia;



ACKNOWLEDGMENTS xi

Dr. Smiley Cheng, Dr. John Brewster, and Dr. Fred Spiring, the University of Manitoba;
Dr. Joseph D. Moder, University of Miami; Dr. Frank B. Alt, University of Maryland,;
Dr. Kenneth E. Case, Oklahoma State University; Dr. Daniel R. McCarville, Ms. Lisa
Custer, Dr. Pat Spagon, and Mr. Robert Stuart, Motorola; Dr. Richard Post, Intel Corpo-
ration; Dr. Dale Sevier, Hybritech; Mr. John A. Butora, Mr. Leon V. Mason, Mr. Lloyd
K. Collins, Mr. Dana D. Lesher, Mr. Roy E. Dent, Mr. Mark Fazey, Ms. Kathy Schuster,
Mr. Dan Fritze, Dr. J. S. Gardiner, Mr. Ariel Rosentrater, Mr. Lolly Marwah, Mr. Ed
Schleicher, Mr. Armin Weiner, and Ms. Elaine Baechtle, IBM; Mr. Thomas C. Bingham,
Mr. K. Dick Vaughn, Mr. Robert LeDoux, Mr. John Black, Mr. Jack Wires, Dr. Julian
Anderson, Mr. Richard Alkire, and Mr. Chase Nielsen, The Boeing Company; Ms.
Karen Madison, Mr. Don Walton, and Mr. Mike Goza, Alcoa Corporation; Mr. Harry
Peterson-Nedry, Ridgecrest Vineyards and The Chehalem Group; Dr. Russell A. Boyles,
formerly of Precision Castparts Corporation; Dr. Sadre Khalessi and Mr. Franz Wagner,
Signetics Corporation; Mr. Larry Newton and Mr. C. T. Howlett, Georgia Pacific Corpo-
ration; Mr. Robert V. Baxley, Monsanto Chemicals; Dr. Craig Fox, Dr. Thomas L.
Sadosky, Mr. James F. Walker, and Mr. John Belvins, The Coca-Cola Company; Mr. Bill
Wagner and Mr. Al Pariseau, Litton Industries; Mr. John M. Fluke, Jr., John Fluke Man-
ufacturing Company; Dr. William DuMouchel, Bell Laboratories; Dr. Paul Tobias,
Semitech; and Ms. Janet Olson, BBN Software Products Corporation. I would also like
to acknowledge the contributions of my partner in Statistical Productivity Consultants,
Mr. Sumner S. Averett. All of these individuals and many others have contributed to my
knowledge of the quality-improvement field.

The editorial and production staff at Wiley, particularly Ms. Charity Robey (with
whom I worked for many years) and Mr. Wayne Anderson have had much patience with
me over the years, and have contributed greatly to the success of this book. Dr. Cheryl
Jennings made many valuable contributions by her careful checking of the manuscript
and proof materials, and in preparing the solutions. I also thank Dr. Gary Hogg, Chair of
the Department of Industrial Engineering at Arizona State University, for his support
and for providing a terrific environment in which to teach and conduct research.

I thank the various professional societies and publishers who have given permission
to reproduce their materials in my text. Permission credit is acknowledged at appropri-
ate places in the book.

I am also indebted to the member companies of the National Science Foundation/
Industry/University Cooperative Research Center in Quality and Reliability Engineer-
ing at Arizona State University. These companies, along with the Office of Naval Re-
search, the National Science Foundation, the Aluminum Company of America, and the
IBM Corporation have sponsored much of my research and many of my graduate stu-
dents for a number of years. Finally, I would like to thank the many users of the previ-
ous editions of this book including students, practicing professionals, and my academic
colleagues. Many of the changes and (hopefully) improvements in this edition of the
book are the direct result of your feedback.

Douglas C. Montgomery
Tempe, Arizona



Contents

CHAPTER 1
Quality Improvement in the Modern Business
Environment 1

1-1

The Meaning of Quality and Quality

Improvement 2

1-1.1 Dimensions of Quality 2

1-1.2 Quality Engineering Terminology 6

A Brief History of Quality Control and

Improvement 8

Statistical Methods for Quality Control and

Improvement 12

Other Aspects of Quality Control and

Improvement 17

1-4.1 Quality Philosophy and Management
Strategies 18

1-4.2 The Link between Quality and
Productivity 25

1-4.3 Quality Costs 26

1-4.4 Legal Aspects of Quality 32

1-4.5 Implementing Quality Improvement

34

PART 1

Statistical Methods Useful in Quality
Improvement 37

CHAPTER 2

Modeling Process Quality 39

2-1

Describing Variation 40

2-1.1 The Stem-and-Leaf Plot 40

2-3

2-4

2-5

2-1.2 The Frequency Distribution and
Histogram 43

2-1.3 Numerical Summary of Data
2-14 The Box Plot 48

2-1.5 Sample Computer Output 49
2-1.6 Probability Distributions 51
56
2-2.1 The Hypergeometric Distribution
2-2.2 The Binomial Distribution 58
2-2.3 The Poisson Distribution 60

2-2.4 The Pascal and Related
Distributions 61

Important Continuous Distributions
2-3.1 The Normal Distribution 63
2-3.2 The Exponential Distribution
2-3.3 The Gamma Distribution 71
2-3.4 The Weibull Distribution 73
Some Useful Approximations 74

2-4.1 The Binomial Approximation to the
Hypergeometric 75

2-4.2 The Poisson Approximation to the
Binomial 75

2-4.3 The Normal Approximation to the
Binomial 75

2-4.4 Comments on Approximations

77

45

Important Discrete Distributions

56

62

69

76

Exercises

CHAPTER 3

Inferences about Process Quality 82

3-1

83

Statistics and Sampling Distributions

3-1.1 Sampling from a Normal
Distribution 85

xiii



.

X1V CONTENTS

3-1.2 Sampling from a Bernoulli
Distribution 89 PART 1I
3-1.3 Sampling from a Poisson
Distribution 89

Basic Methods of Statistical Process Control
and Capability Analysis 151

3-2 Point Estimation of Process
Parameters 90

3-3 Statistical Inference for a Single S/IH:PC;FERd‘;)h'l tev f Statlstieal Proscss
Sample 93 ethods an 1losophy ot Statistical Frocess

3-3.1 Inference on the Mean of a Control 153

Population, Variance
Known 94
3-3.2 The Use of P-Values for
Hypothesis Testing 98
3-3.3 Inference on the Mean of a
Normal Distribution,

4-1 Introduction 154

4-2 Chance and Assignable Causes of Quality
Variation 154

4-3 Statistical Basis of the Control Chart 156
4-3.1 Basic Principles 156

Variance Unknown 99 4-3.2 Choice of Control Limits 164
3-3.4 Inference on the Variance of a 4-3.3 Sample Size and Sampling
Normal Distribution 103 Frequency 166
3-3.5 Inference on a Population 4-3.4 Rational Subgroups 170
Proportion 105 4-3.5 Analysis of Patterns on Control
3-3.6 The Probability of Type II Charts 172
Error 107 4-3.6 Discussion of Sensitizing Rules for
3-3.7 Probability Plotting 110 Control Charts 175
3-4 Statistical Inference for Two 4-4 The Rest of the “Magnificent Seven” 177
Samples 114 4-5 Implementing SPC 184
3-4.1 Inference for a Difference in Means, 4-6 An Application of SPC 186
Variances Known 114 4-7 Nonmanufacturing Applications of Statistical
3-4.2 Inference for a Difference in Process Control 193
Means of Two Normal 4-8 Exercises 201
Distributions, Variances
Unknown 117
3-4.3 Inference on the Variances of CHAPTER 5
Two Normal Distributions 127 Control Charts for Variables 206
3-4.4 Inference on Two Population
Proportions 128 5-1 Introduction 207
3-5 What If There Are More Than Two Populations? ~ 5-2 Control Charts for X and R 207
The Analysis of Variance 130 5-2.1 Statistical Basis of the Charts 207
3-5.1 AnExample 131 5-2.2 Development and Use of X and R
3-5.2 The Analysis of Variance 133 Charts 212
3-5.3 Checking Assumptions: 5-2.3 Charts Based on Standard
Residual Analysis 140 Values 228
3-6 Exercises 142 5-2.4 Interpretation of X and R Charts 229
5-2.5 The Effect of Nonnormality on X and R
Charts 232

5-2.6 The Operating-Characteristic
Function 233



5-3

54

5-5

5-6

5-7

5-2.7 The Average Run Length for the X
Chart 236

Control Charts for xand § 239

5-3.1 Construction and Operation of X and S
Charts 239

5-3.2 The X and S Control Charts with Variable
Sample Size 244

5-3.3 The S? Control Chart 248

The Shewhart Control Chart for Individual
Measurements 249

Summary of Procedures for X, R, and S
Charts 260

Applications of Variables Control
Charts 260

Exercises 265

CHAPTER 6

Control Charts for Attributes

6-1
6-2

6-3

6-4

283

Introduction 284

The Control Chart for Fraction
Nonconforming 284

6-2.1 Development and Operation of the

Control Chart 286
6-2.2 Variable Sample Size 298
6-2.3 Nonmanufacturing Applications

303
6-2.4 The Operating-Characteristic
Function and Average Run Length
Calculations 305
Control Charts for Nonconformities
(Defects) 308
6-3.1 Procedures with Constant Sample
Size 308

Procedures with Variable Sample
Size 319

Demerit Systems

6-3.2

6-3.3 322
6-3.4 The Operating-Characteristic
Function 324
Dealing with Low Defect
Levels 325
6-3.6 Nonmanufacturing
Applications 328
Choice between Attributes and Variables Control
Charts 329

6-3.5

CONTENTS

6-5 Guidelines for Implementing Control
Charts 333

6-6 Exercises 339

CHAPTER 7
Process and Measurement System

Capability Analysis 349

7-1 Introduction 350

7-2 Process Capability Analysis Using a Histogram
or a Probability Plot 352

7-2.1 Using the Histogram 352

7-2.2 Probability Plotting 355

Process Capability Ratios 357

7-3.1 Use and Interpretation of C, 357

7-3.2 Process Capability Ratio for an
Off-Center Process 362

7-3.3 Normality and the Process Capability
Ratio 364

7-3.4 More about Process
Centering 365

7-3

7-3.5 Confidence Intervals and Tests on Process

367

Process Capability Analysis Using a Control
Chart 373

Process Capability Analysis Using Designed
Experiments 376

Gage and Measurement System Capability
Studies 377

7-6.1 Control Charts and Tabular
Methods 377

7-6.2 Methods Based on Analysis of
Variance 384

Setting Specification Limits on Discrete
Components 388

7-7.1 Linear Combinations
7-7.2 Nonlinear Combinations

Capability Ratios
7-4

7-5

7-6

7-7

388
392

Estimating the Natural Tolerance Limits of a

Process 394

7-8.1 Tolerance Limits Based on the Normal
Distribution 395

7-8.2 Nonparametric Tolerance
Limits 396

7-9 Exercises 397



xvi CONTENTS

CHAPTER 9

Other Univariate Statistical Process

PART 111
Other Statistical Process Monitoring and

403 L

. Monitoring and Control Techniques
Control Techniques g q

9-1 Statistical Process Control for Short Production

CHAPTER & Runs 444
. y 5 . . 9-1.1 x and R Charts for Short Production
Cumulative Sum and Exponentially Weighted Runs 444

Moving Average Control Charts 405

9-1.2 Attributes Control Charts for Short
Production Runs 447

9-1.3 Other Methods 448
9-2 Modified and Acceptance Control

8-1 The Cumulative Sum Control Chart 406

8-1.1 Basic Principles: The Cusum Control
Chart for Monitoring the Process

8-4 Exercises

Mean 406 Charts 449
8-1.2 The Tabular or Algorithmjc 9-2.1 Modified Control Limits for the x
Chart 449

Cusum for Monitoring the
Process Mean 410

8-1.3 Recommendations for Cusum

Design 415

8-1.4 The Standardized Cusum 417

8-1.5 Rational Subgroups 418

8-1.6 Improving Cusum Responsiveness for
Large Shifts 418

8-1.7 The Fast Initial Response or Headstart
Feature 419

8-1.8 One-Sided Cusums 421
8-1.9 A Cusum for Monitoring Process
Variability 421
8-1.10 Cusums for Other Sample
Statistics 422

8-1.11 The V-Mask Procedure 423

8-2 The Exponentially Weighted Moving Average

Control Chart 425

8-2.1 The Exponentially Weighted
Moving Average Control Chart
for Monitoring the Process
Mean 426

8-2.2 Design of an EWMA Control
Chart 431

8-2.3 Rational Subgroups 432

8-2.4 Robustness of the EWMA to
Nonnormality 432

8-2.5 Extensions of the EWMA 433

8-3 The Moving Average Control

437
440

Chart

9-4

9-6

9-7

9-2.2 Acceptance Control Charts 453

Control Charts for Multiple-Stream
Processes 454

9-3.1 Multiple-Stream Processes
9-3.2 Group Control Charts 455
9-3.3 Other Approaches 457

SPC with Autocorrelated Process
Data 458

9-4.1 Sources and Effects of
Autocorrelation in Process

Data 458
9-4.2 Model-Based Approaches 462
9-4.3 A Model-Free Approach 473
478

454

Adaptive Sampling Procedures

Economic Design of Control

Charts 479

9-6.1 Designing a Control Chart 479
9-6.2 Process Characteristics 480
9-6.3 Cost Parameters 481

9-6.4 Early Work and Semieconomic
Designs 482

9-6.5 An Economic Model of the X Control
Chart 484

9-6.6 Other Work 493
Overview of Other Procedures
9-7.1 Tool Wear 494

9-7.2 Control Charts Based on Other Sample
Statistics 495

9-7.3 Fill Control Problems

494

496



9-7.4 Precontrol 497
9-8 Exercises 499

CHAPTER 10
Multivariate Process Monitoring and
Control 507

10-1 The Multivariate Quality Control
Problem 508

10-2 Description of Multivariate Data 510

10-2.1 The Multivariate Normal
Distribution 510

10-2.2 The Sample Mean Vector and Covariance

Matrix 511
10-3 The Hotelling 7% Control Chart 512
10-3.1 Subgrouped Data 512
10-3.2 Individual Observations 522

10-4 The Multivariate EWMA Control
Chart 526

10-5 Regression Adjustment 530

10-6 Control Charts for Monitoring
Variability 532

10-7 Latent Structure Methods 535
10-7.1 Principal Components 535
10-7.2 Partial Least Squares 542

10-8 Exercises 542

CHAPTER 11

Engineering Process Control and SPC 546

11-1 Process Monitoring and Process
Regulation 547

11-2 Process Control by Feedback
Adjustment 548

11-2.1 A Simple Adjustment Scheme: Integral
Control 548

11-2.2 The Adjustment Chart 555

11-2.3 Variations of the Adjustment
Chart 557

11-2.4 Other Types of Feedback
Controllers 561

11-3 Combining SPC and EPC 562
11-4 Exercises 566

CONTENTS xvii

PART IV

Process Design and Improvement with
Designed Experiments 569

CHAPTER 12
Factorial and Fractional Factorial Experiments
for Process Design and Improvement 571

12-1 What Is Experimental Design? 572

12-2 Examples of Designed Experiments in Process
Improvement 573

12-3 Guidelines for Designing Experiments 577
12-4 Factorial Experiments 579

12-4.1 An Example 582

12-4.2 Statistical Analysis 583

12-4.3 Residual Analysis 588
12-5 The 2* Factorial Design 591

12-5.1 The 22 Design 591

12-5.2 The 2* Design for k = 3 Factors 598

12-5.3 A Single Replicate of the 2¥
Design 611

12-5.4 Addition of Center Points to the
2*¥ Design 615

12-5.5 Blocking and Confounding in the
2*Design 620

12-6 Fractional Replication of the 2f Design 622

12-6.1 The One-Half Fraction of the 2*
Design 622

12-6.2 Smaller Fractions: The 2% 7 Fractional
Factorial Design 628

12-7 Exercises 635

CHAPTER 13
Process Optimization with Designed
Experiments 639

13-1 Response Surface Methods and Designs 640
13-1.1 The Method of Steepest Ascent 642

13-1.2 Analysis of a Second-Order Response
Surface 645

13-2 Process Robustness Studies 651
13-2.1 Background 651



xviii CONTENTS

13-2.2 The Response Surface Approach
to Process Robustness
Studies 653
13-3 Evolutionary Operation 662
13-4 Exercises 669

PART V
Acceptance Sampling 673

CHAPTER 14
Lot-by-Lot Acceptance Sampling for
Attributes 675

14-1 The Acceptance-Sampling Problem 676
14-1.1 Advantages and Disadvantages of
Sampling 677
14-1.2 Types of Sampling Plans 678
14-1.3 Lot Formation 679
14-1.4 Random Sampling 680
14-1.5 Guidelines for Using Acceptance
Sampling 680
14-2 Single-Sampling Plans for Attributes 682
14-2.1 Definition of a Single-Sampling
Plan 682
14-2.2 The OC Curve 682
14-2.3 Designing a Single-Sampling Plan
with a Specified OC Curve 689
14-2.4 Rectifying Inspection 690
14-3 Double, Multiple, and Sequential
Sampling 694
14-3.1 Double-Sampling Plans 694
14-3.2 Multiple-Sampling Plans 701
14-3.3 Sequential-Sampling Plans 701

14-4 Military Standard 105E (ANSI/ASQC Z1.4,
1SO 2859) 705

14-4.1 Description of the Standard 705
14-4.2 Procedure 707
14-4.3 Discussion 712
14-5 The Dodge—Romig Sampling
Plans 714
14-5.1 AOQL Plans 716

14-6

14-5.2 LTPD Plans 716
14-5.3 Estimation of Process Average 719
Exercises 719

CHAPTER 15
Other Acceptance-Sampling Techniques 722

15-1

15-2

15-3

15-4

15-5
15-6

15-7
15-8

Acceptance Sampling by Variables 723

15-1.1 Advantages and Disadvantages of
Variables Sampling 723

15-1.2 Types of Sampling Plans
Available 724

15-1.3 Caution in the Use of Variables
Sampling 725

Designing a Variables Sampling Plan with a

Specified OC Curve 726

MIL STD 414 (ANSI/ASQC Z1.9) 729

15-3.1 General Description of the
Standard 729

15-3.2 Use of the Tables 730

15-3.3 Discussion of MIL STD 414 and
ANSI/ASQC Z1.9 733

Other Variables Sampling Procedures 734

15-4.1 Sampling by Variables to Give Assurance
Regarding the Lot or
Process Mean 734

15-4.2 Sequential Sampling by
Variables 735

Chain Sampling 735
Continuous Sampling 737
15-6.1 CSP-1 738

15-6.2 Other Continuous-Sampling
Plans 740

Skip-Lot Sampling Plans 741
Exercises 745

Appendix 749

L

II.
1.

Summary of Common Probability
Distributions Often Used in Statistical
Quality Control 751

Cumulative Standard Normal Distribution 752
Percentage Points of the y? Distribution 754



Iv.

VL

VIL

VIIL

Percentage Points of the ¢ Distribution 755
Percentage Points of the F Distribution 756

Factors for Constructing Variables Control
Charts 761

Factors for Two-Sided Normal Tolerance
Limits 762

Factors for One-Sided Normal Tolerance
Limits 763

CONTENTS
IX. Random Numbers 764
Bibliography 765
Answers to Selected Exercises 777

Index 791

xix



