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Foreword

A decade ago, Motorola began a journey that would shape the company’s success
for decades to come. The issue was survival; the challenge was quality; the solution
would come from our people. We didn’t have a detailed map to guide us but we
set out to achieve one very large but simple goal: to improve the way we serve
our customers.

Motorola’s goal is virtual perfection in everything we do. Perfect quality. Perfect
delivery. Perfect reliability. Perfect service. We believe that no defect is tolerable and
that perfection is operationally possible. We call it Six Sigma quality.

Where quality was once measured by the number of defective parts per thousand,
our Six Sigma goal translates into a defect rate of only 3.4 parts per million in each
step of our processes. The goal is a visionary one but our initiative of continuous
improvement reaches out for change, refinement, and even revolution in our pursuit
of the highest possible quality.

Today it is not a secret that we are all awash in an overload of information,
but in reality we cannot have too much relevant data. Too often companies operate
in a vacuum—not knowing how their products and services truly stack up against
the competition.

At Motorola we use statistical methods daily throughout all of our disciplines
to synthesize an abundance of data to drive concrete actions. Only with constant
monitoring and continual follow-up can you get a true picture of where you stand
and a clear view of where you need to go. We use statistical data to measure both
our successes and our failures. More importantly it helps us to manage our future.

How has the use of statistical methods within Motorola Six Sigma initiative,
across disciplines, contributed to our growth? Over the past decade we have reduced
in-process defects by over 300 fold, which has resulted in a cumulative manufac-
turing cost savings of over 11 billion dollars. Employee productivity (worldwide)
measured in sales dollars per employee has increased three fold or an average
12.2 percent per year over the same 10 year period. Our product reliability as seen
by our customer has increased between 5 and 10 times.

Each year over 6,000 Total Customer Satisfaction empowered teams are formed,
representing more than 60,000 of our 138,000 employees to solve problems and
drive continuous improvement. Over half of these teams are from non-manufacturing
disciplines, such as finance, legal, personnel, engineering, and service, all using
statistical tools to drive perfection in everything we do.

If you don’t set out to achieve perfection, you probably aren’t going to achieve it.

Robert W. Galvin
Chairman of the Executive Committee
Motorola, Inc.



Features

Preface

Modern Industrial Statistics: Design and Control of Quality and Reliability provides
the tools for those who drive to achieve perfection in industrial processes. Learn the
concepts and methods contained in this book and you will understand what it takes
to measure and improve world-class products and services.

The need for constant improvement of industrial processes, in order to achieve
high quality, reliability, productivity and profitability, is well recognized. Further,
management techniques, such as total quality management and business process
reengineering, are insufficient in themselves to achieve the goal without the strong
backing of specially tailored statistical procedures, as stated by Robert Galvin in
the Foreword.

Statistical procedures designed for solving industrial problems are called In-
dustrial Statistics. Our objective in writing this book was to provide statistics and
engineering students, as well as practitioners, the concepts, applications, and prac-
tice of basic and advanced industrial statistical methods, which are designed for the
control and improvement of quality and reliability.

The idea of writing a text on industrial statistics developed after several years of
collaboration in industrial consulting, teaching workshops and seminars, and courses
at our universities. We felt that no existing text served our needs in both content and
approach so we decided to develop our notes into a text. Our aim was to make
the text modern and comprehensive in terms of the techniques covered, lucid in its
presentation, and practical with regard to implementation.

Modern Industrial Statistics employs several unique characteristics. Among the
most significant is its integration and use of the computer in solving real industrial
problems.

= Resampling techniques, or bootstrapping, which occupy a central position in
the practice of statistics, have freed the researcher and the practitioner from
imposing on a problem theoretical assumptions that are difficult to verify. They
can also substitute complex analytical methods for assessing the properties of
statistical decision and control procedures. Many regard bootstrapping methods
as the inferential and decision-making tools of the 21st century.

=  Simulators, which perform simulations, have been specially developed for the
book to assess the operating characteristics of various process-control procedures
such as the cycle speed of a piston in a gas turbine and the output current of
an electrical circuit. These simulators are used in various parts of the book to



4 Preface

generate observations under specific conditions. Our book is unique in its use of
the computer as a tool for analysis, design, and control.

= MINITAB is used throughout the book. This package was chosen because of its
wide availability, in student or professional versions for Windows, mainframes,
or UNIX platforms. Moreover, MINITAB is user friendly, interactive, and easy
to teach. An appendix covering the basic features and commands of MINITAB
is included.

= In addition, S-PLUS, which has become a package of choice for the more ad-
vanced user, is included as well. We furnish all the S-PLUS functions and rou-
tines needed for the book in a special appendix.

= Included in the book is a CD-ROM containing all the data sets and the programs
that were specifically developed for the book. The programs are either executable
files (EXE) or MINITAB macros (.MTB) stored in subdirectories correspond-
ing to the chapters in which they’re first introduced. The S-Plus functions are
provided on the CD-ROM as well. The data sets, the simulators, the executable
programs, the macros, and the S-PLUS functions are all described in the appen-
dices.

= The book is easily adaptable to other software packages. Faculty interested in
using MATLAB, SAS, JMP-IN, STATGRAPHICS, EXCEL, or SPSS can read
the data files into other formats by following the data library on the Duxbury
Resource Center at www.duxbury.com

Organization and Coverage

The book is comprised of fourteen chapters, organized in two parts. Part I consists of
eight chapters, emphasizing statistical thinking in industrial settings, employing data
analysis, graphical techniques, and data-based simulations. Most examples in the
book are from actual industrial problems, illustrating the versatility and applicability
of the statistical methods. Part I includes chapters on probability models, statistical
distributions, and estimation and testing of hypotheses. It contains a chapter on sam-
pling from finite populations (needed for bootstrapping and for sampling inspection
and auditing of quality), a chapter on bootstrap and nonparametric methods, and
a chapter on multiple regression and categorical data analysis. Part II is devoted
to six chapters covering basic and advanced methods of industrial control and im-
provement of quality and reliability. The Solutions Manual contains the complete
solutions to all of the problems in the text.

Students taking courses in industrial statistics and using this book will need
knowledge of calculus and some matrix theory (linear algebra). We developed the
material for upper division undergraduates and beginning graduate students in the
fields of Industrial Engineering and Statistics. Students of electrical and mechanical
engineering can also benefit from the book. The text can also provide a reference
to practitioners working in the areas of quality management, quality engineering,
and reliability.
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A two-semester course can cover a good part of the book. However, the book
was designed to be flexible enough for one-semester courses and several differing
course needs. Examples of how the book may be used in one-semester courses are:

Introduction to Industrial Statistics: Chapters 1, 2, 3,4, 6, 7

Sampling Plans and Reliability: Chapters 4, 5, 6, 7, 9, 14

Statistical Process Control: Chapters 1, 4, 6, 7, 10, 11

Statistics for Quality Design and Improvement: Chapters 4, 6, 8, 10, 12, 13
Advanced Industrial Statistics: Chapters 7, 8, 9, 11, 12, 13, 14.

Acknowledgments

The authors wish to thank their families for their encouragement, the administration
of Binghamton University for its support, and the various industries at which they
worked or consulted for the opportunity to solve industrial problems. The exam-
ples presented in the text have many people behind them and it is impossible to
acknowledge all contributors. Among those contributors we should, however, men-
tion several key individuals: Mr. Richard Buetow from Motorola, Mr. Haim Rosen,
Mr. Meir Sperling and Mr. Yakov Bantay from Tadiran Telecommunications and
Professor Tom Kelley from Binghamton University. We thank the following re-
viewers for their thoughtful feedback to earlier drafts of the manuscript: James A.
Alloway, E.M.S.Q. Associates; Robert L. Armacost, University of Central Florida;
Michael Martin, Australian National University, Canberra; P. Simon Pulat, Univer-
sity of Oklahoma; and Derek Rollins, Iowa State University. We wish to thank the
editor, Mr. Curt Hinrichs; the editorial staff and accuracy checkers for their excellent
suggestions, corrections, and editorial work; and for production editing, Timothy
Wardell at Brooks/Cole. Special thanks are due to Mrs. Marge Pratt for her excellent

typing of the text.
S. Zacks R.S. Kenett
Binghamton, NY Raanana, Israel

To Sima, Dolav, Ariel, Dror and Yoed with whom I share everything
Ron S. Kenett

To my wife Hanna, our sons Yuval and David and their families with love
Shelemyahu Zacks



@

1

i
0o

il

Gt BYEFN 5 A B R

Gk T AR LR R 2

L1 TAAFDIREX L 2

1.2 JHHE - AF KT 4

1.3 Kk 6

1.4 % 8

1.5 s 9

1.6 FH&IHRARTE 10

1.7 AREEL 12

1.8 #2313

TR 14

2.1 FEHLILGFIAE ) 4544

2.2 WU HER REFORS

2.3 EMERIREAR
2.3.1 M—MHREAEP I AN A
2.3.2

2.4 FEAREAROHGATE T 21
2.4.1 HHEMYAERMES A 21
2.4.2 HEEEREHIR BRI 25
2.4.3 HAFFEARMGIHE 28
2.4.4 fIEMBEHELNSHR 30

2.5 TMX[a] 34

2.6 HABRRMEEAR 4075 35

1

2.6.1

AT RS N BEFLEA 20

1

FHEE 35



B3

2.6.2 Srfi¥E 36

2.6.3 kM 37

2.6.4 frEMBEHEAELNEES TR 38
2.7 ARFE A0
2.8 %2 41

YA YE 44
3.1 BERRFMG 44
L1 M 44
3.1.2 ZHEME 47
3.2 BhiSE 49
3.2.1 =4ejeiklE 49
3.2.2 AiEE. gmbdAIARRE 49
3.3 ZYEAE AT 50
3.3.1 HEEREHEMT 51
3.3.2 &Mt 54
3.4 MSCHIM[ASHT 55
3.4.1 hZERIMHR 55
3.4.2 WHIEIEMEFERRITELZL 58
3.4.2.1 F/phiL 58
3.4.2.2 [AIAFIFIIEX ] 62
3.4.2.3 AWML 63
3.5 FIBE 68
3.5.1 HIECKMELH 68
3.5.2 FUBRRMKIKIEE 72
3.5.2.1 WX RJERR 72
3.5.2.2 SRARENICHGEE 73
3.6 AT TT
3.7 #3] 18

BER AN A BR B AR 80

4.1 JEmbER 80
4.1.1  SAERREACAS ) BEALIEE ) 1E R IR
4.1.2 FHEHEMEARMN: 558 82
4.1.3 H{FMME 84
4.1.4 PBEYLAWFEIOMER K%L 86
4. 1.5 FLME&BEMMAYE 88
4.1.6 DU AU RILNHT 90

80



4.2

4.3

4.4

4.5

4.6

4.7
4.8
4.9

BEALAS o R Hoor A 92

4.2.1 BEOAMAEL A 93
4.2.1.1 EHARENIAERE 93
4.2.1.2 HELRIEYIAL R 94

4.2.2 pAREIEFIGE 97

4.2.3 bRUEZE. OB IRBEFIERE 99

4.2.4 FEBRERRZL 102

BOHCOM TR 103

4.3.1 ZIi4ME 103

4.3.2 #EJLfT5r4 105

4.3.3 MDA 109

4.3.4 JUA ARG ISy A5 110

HELM T 113

4.4.1 1EXIA (a, b)(a<b) LHIBEI /4

4.4.2 EADMFNEIESS A 114
4.4.2.1 1EXNME 114
4.4.2.2 XEUESHM 119

4.4.3 fR¥HA 120

4.4.4 ANIpAGRIEAT IRy 122

4.4.5 N 125

kG JUBRFIZ&E AT 126

4.5.1 RGO MFAR AT 126

4.5.2 T EMAMERK 129

4.5.3 oA 131

—EZ AN 134

4.6.1 ZIinNA 134

4.6.2 ZYEEJLAHAE 136

4.6.3 ZHEIEERNME 137

T4t S 139

FENLZ RIEHEA S 141

KFEAEIT 146

4.9.1 K¥EW 146

4.9.2 KR ERE 147

4.9.3 —HLEFRIEML 148

IESFEARG BN HAR A 149

4.10. 1 FEARTTZERIF A 149

4.10.2 At gibE 151

4.10.3 JTEWEKHAE 152

113




4.11 AFEEL 153
4.12 %3] 154

AR SRR HFEG T 160
5.1 HFERMETHRIE 160
5.1.1 FEAE N 160
5.1.2 MRREHMFES MR THE 161
5.2 FRYET FRBEHLFEAREATAE T 165
5.2.1 {EIEIREHLAE B XA S2 BT 166
5.2.2 TEABIEIBENUIAEE N X F0 S8, PR 168
5.3 M EA P BEHL AL T E 172
5.4  fgthflsrEoF st i 173
5.5 FEWEZECA FRTAR 177
5.6 AFER 180
5.7 45> 182

S G HERT 183
6.1 AhTHEMHAERE 183
6.2 Afhiib—Lg5ik 185
6.2.1 FE7FEMNUHRE 186
6.2.2 H/h_FeHik 187
6.2.3 MRPURMGTHE 189
6.3 FEAfLTHAE S e btk U — R R SE v ik
6.3.1 HEAMEE 191
6.3.2 —UUEFE I RARERAK 195
6.4 BEfEXIE 202
6.4.1 Mo N, pMEMFXE 203
6.4.2 Ho KK, pMEFXE 203
6.4.3 o’ EFXIE 203
6.4.4 pMEFXE 204
6.5 FZEXIE 206
6.5.1 IEADMIIBZENXE 206
6.5.2 AMEKHT A AAEZEXE 209
6.6 RIFEMEEREIESE 210
6.7 FESILERLK 214
6.7.1 FHEE CKEEAR) 214
6.7.2 FI/REEF K - K/RiERKLE 216
6.8 DMk 218

191



6.8.1 SERSMAERKSI M 219
6.8.2 DMk st 222
6.8.2.1 DIM-HrYLEE 222
6.8.2.2 DIM-HRrfhiil 225
6.8.3 HSLSHMA{EXE 225
6.9 AREEE 227
6.10 3] 227

BTE ONKECT AR NS 231
7.1 KRESBAAGIBEYAIEE 231
7.2 GBhhEE 234
7.2.1 HBhE 234
7.2.2 BBNEMEM 235
7.2.3 HBEWAMZEIL 236
7.3 REMEBKK 236
7.3.1 BMEM BB MEEXE 237
7.3.2 BJEMFEARK 237
7.3.3 MBEERAEERE 239
7.3.4 EMEBREMESXE 240
7.3.5 JIMHEARGIFEMLEE 241
7.3.5.1 JIMFEARFTEMLE 241
7.3.5.2 JUMMEMELE:: a7 EST 242
7.4 HBWAEEXE 244
7.4.1 NSHEFEAMEBAZXE 244
7.4.2 EHEBREMBFEXE 246
7.5 SR 247
7.5.1 fFERK 247
7.5.2 BEHLALAEE 249
7.5.3 BURBIERFSHAAL 251
7.6  AFEPTHMIMINITAB B RIAT AT SO 252
7.7 AREEE 253
7.8 #:3] 254

B8 ZEEMFITM T ESHT 256
8.1 XPAREMMIT 257
8.2 fWEIEFIfWAHSE 261
8.3 ZHELMMIH 263
8.4 fmF AT EETM 267




8.5 ARG BRI 269
8.6 [HHizWr 272
8.7 ERJRMNAHT: P TEE 275
8.8 Tz WIEKEE 276
8.8.1 Hrit#iR!l 276
8.8.2 H[a] 55T (ANOVA) 277
8.9 EAEMGXIH: ZHEHILK 281
8.10 7Kt 283
8.10.1 —IuAEILLER 284
8.10.2 ZFIECRMKIEL 285
8. 11 AFE i 287
8.12 %3] 288

£-R  ITAmitryFaE 291

Fowm e R 292

1 i 292 _

2 BRI B TE 294

3 AT RMIEEfE 297

4 JEMARRPNERMFETE. 299

5 JTEHIFE 303

6 AERMFEZHIETE 307

7 HLEMAIEMHAK 310

8 [HFEbrAEMEFrbrAE 312

9 JEMAREMBMRTE TSR 314
9.9.1 IS0 2859 BEERMErHtHhEET 7 314

10 fEEHE S ARIE 317

11 B Ak 318

12 AEEH 319

13 #3320

© © © © O OO OO

© © © ©

F10FE G RIS A T BRI 322
10. 1 Goibd FREhl AR A S 322
10. 2 @G EERA IR 332
10.3 Wik, SRR 336
10.4 dFEVERETER 338 _
10.5 tFEEHIFSRSCE B TR 341
10.6 W REICEMGETHr i 345




