


STATISTICS FOR RESEARCH

THIRD EDITION



WILEY SERIES IN PROBABILITY AND STATISTICS

Established by WALTER A. SHEWHART and SAMUEL S. WILKS

Editors: David J. Balding, Noel A. C. Cressie, Nicholas I. Fisher,

Iain M. Johnstone, J. B. Kadane, Louise M. Ryan, David W. Scott,

Adrian F. M. Smith, Jozef L. Teugels

Editors Emeriti: Vic Barnett, J. Stuart Hunter, David G. Kendall

A complete list of the titles in this series appears at the end of this volume.



STATISTICS FOR
RESEARCH

THIRD EDITION

Shirley Dowdy

Stanley Weardon
West Virginia University

Department of Statistics and Computer Science

Morgantown, WV

Daniel Chilko
West Virginia University

Department of Statistics and Computer Science

Morgantown, WV

A JOHN WILEY & SONS, INC. PUBLICATION



This book is printed on acid-free paper.

Copyright # 2004 by John Wiley & Sons, Inc., Hoboken, New Jersey. All rights reserved.

Published simultaneously in Canada.

No part of this publication may be reproduced, stored in a retrieval system or transmitted in any form

or by any means, electronic, mechanical, photocopying, recording, scanning or otherwise, except as

permitted under Sections 107 or 108 of the 1976 United States Copyright Act, without either the

prior written permission of the Publisher, or authorization through payment of the appropriate

pre-copy fee to the Copyright Clearance Center, 222 Rosewood Drive, Danvers, MA 01923, (978)

750-8400, fax (978) 750-4744. Requests to the Publisher for permission should be addressed to the

Permissions Department, John Wiley & Sons, Inc., 605 Third Avenue, New York, NY 10158-0012,

(212) 850-6011, fax (212) 850-6008, E-Mail: PERMREQ @ WILEY.COM.

For ordering and customer service, call 1-800-CALL-WILEY.

Library of Congress Cataloging-in-Publication Data:

Dowdy, S. M.

Statistics for research / Shirley Dowdy, Stanley Weardon, Daniel Chilko.

p. cm. – (Wiley series in probability and statistics; 1345)

Includes bibliographical references and index.

ISBN 0-471-26735-X (cloth : acid-free paper)

1. Mathematical statistics. I. Wearden, Stanley, 1926– II. Chilko, Daniel M. III. Title. IV. Series.

QA276.D66 2003

519.5–dc21

2003053485

Printed in the United States of America.

10 9 8 7 6 5 4 3 2 1



CONTENTS

Preface to the Third Edition ix

Preface to the Second Edition xiii

Preface to the First Edition xv

1 The Role of Statistics 1

1.1 The Basic Statistical Procedure 1

1.2 The Scientific Method 11

1.3 Experimental Data and Survey Data 19

1.4 Computer Usage 20

Review Exercises 21

Selected Readings 22

2 Populations, Samples, and Probability Distributions 25

2.1 Populations and Samples 25

2.2 Random Sampling 27

2.3 Levels of Measurement 30

2.4 Random Variables and Probability Distributions 33

2.5 Expected Value and Variance of a Probability Distribution 39

Review Exercises 47

Selected Readings 47

3 Binomial Distributions 49

3.1 The Nature of Binomial Distributions 49

3.2 Testing Hypotheses 59

3.3 Estimation 70

3.4 Nonparametric Statistics: Median Test 77

Review Exercises 78

Selected Readings 80

4 Poisson Distributions 81

4.1 The Nature of Poisson Distributions 81

4.2 Testing Hypotheses 84

4.3 Estimation 87

4.4 Poisson Distributions and Binomial Distributions 90

Review Exercises 93

Selected Readings 94

v



5 Chi-Square Distributions 95

5.1 The Nature of Chi-Square Distributions 95

5.2 Goodness-of-Fit Tests 104

5.3 Contingency Table Analysis 108

5.4 Relative Risks and Odds Ratios 117

5.5 Nonparametric Statistics: Median Test for Several Samples 121

Review Exercises 124

Selected Readings 125

6 Sampling Distribution of Averages 127

6.1 Population Mean and Sample Average 127

6.2 Population Variance and Sample Variance 132

6.3 The Mean and Variance of the Sampling Distribution of Averages 138

6.4 Sampling Without Replacement 143

Review Exercises 144

7 Normal Distributions 147

7.1 The Standard Normal Distribution 147

7.2 Inference From a Single Observation 152

7.3 The Central Limit Theorem 155

7.4 Inferences About a Population Mean and Variance 157

7.5 Using a Normal Distribution to Approximate Other Distributions 164

7.6 Nonparametric Statistics: A Test Based on Ranks 173

Review Exercises 176

Selected Readings 177

8 Student’s t Distribution 179

8.1 The Nature of t Distributions 179

8.2 Inference About a Single Mean 182

8.3 Inference About Two Means 190

8.4 Inference About Two Variances 197

8.5 Nonparametric Statistics: Matched-Pair and Two-Sample Rank Tests 204

Review Exercises 209

Selected Readings 210

9 Distributions of Two Variables 211

9.1 Simple Linear Regression 211

9.2 Model Testing 223

9.3 Inferences Related to Regression 233

9.4 Correlation 238

9.5 Nonparametric Statistics: Rank Correlation 250

9.6 Computer Usage 253

9.7 Estimating Only One Linear Trend Parameter 256

Review Exercises 262

Selected Readings 263

vi CONTENTS



10 Techniques for One-way Analysis of Variance 265

10.1 The Additive Model 265

10.2 One-Way Analysis-of-Variance Procedure 272

10.3 Multiple-Comparison Procedures 283

10.4 One-Degree-of-Freedom Comparisons 294

10.5 Estimation 300

10.6 Bonferroni Procedures 303

10.7 Nonparametric Statistics: Kruskal–Wallis ANOVA for Ranks 309

Review Exercises 313

Selected Readings 314

11 The Analysis-of-Variance Model 317

11.1 Random Effects and Fixed Effects 317

11.2 Testing the Assumptions for ANOVA 324

11.3 Transformations 329

Review Exercises 337

Selected Readings 338

12 Other Analysis-of-Variance Designs 341

12.1 Nested Design 341

12.2 Randomized Complete Block Design 350

12.3 Latin Square Design 360

12.4 a ! b Factorial Design 368

12.5 a ! b ! c Factorial Design 376

12.6 Split-Plot Design 387

12.7 Split Plot with Repeated Measures 398

Review Exercises 407

Selected Readings 408

13 Analysis of Covariance 409

13.1 Combining Regression with ANOVA 409

13.2 One-Way Analysis of Covariance 413

13.3 Testing the Assumptions for Analysis of Covariance 418

13.4 Multiple-Comparison Procedures 423

Review Exercises 428

Selected Readings 429

14 Multiple Regression and Correlation 431

14.1 Matrix Procedures 431

14.2 ANOVA Procedures for Multiple Regression and Correlation 439

14.3 Inferences About Effects of Independent Variables 444

14.4 Computer Usage 451

14.5 Model Fitting 458

14.6 Logarithmic Transformations 475

14.7 Polynomial Regression 484

CONTENTS vii



14.8 Logistic Regression 495

Review Exercises 507

Selected Readings 508

Appendix of Useful Tables 511

Answers to Most Odd-Numbered Exercises and All Review Exercises 603

Index 629

viii CONTENTS



PREFACE TO THE THIRD EDITION

In preparation for the third edition, we sent an electronic mail questionnaire to every statistics

department in the United States with a graduate program. We wanted modal opinion on what

statistical procedures should be addressed in a statistical methods course in the twenty-first

century. Our findings can readily be summarized as a seeming contradiction. The course has

changed little since R. A. Fisher published the inaugural text in 1925, but it also has changed

greatly since then. The goals, procedures, and statistical inference needed for good research

remain unchanged, but the nearly universal availability of personal computers and statistical

computing application packages make it possible, almost daily, to do more than ever before.

The role of the computer in teaching statistical methods is a problem Fisher never had to face,

but today’s instructor must face it, fortunately without having to make an all-or-none choice.

We have always promised to avoid the black-box concept of computer analysis by

showing the actual arithmetic performed in each analysis, and we remain true to that promise.

However, except for some simple computations, with every example of a statistical procedure

in which we demonstrate the arithmetic, we also give the results of a computer analysis of the

same data. For easy comparison we often locate them near each other, but in some instances

we find it better to have a separate section for computer analysis. Because of greater

familiarity with them, we have chosen the SASw and JMPw, computer applications developed

by the SAS Institute.† SAS was initially written for use on large main frame computers, but

has been adapted for personal computers. JMP was designed for personal computers, and we

find it more interactive than SAS. It is also more visually oriented, with graphics presented in

the output before any numerical values are given. But because SAS seems to remain the

computer application of choice, we present it more frequently than JMP.

Two additions to the text are due to responses to our survey. In the preface to the first

edition, we stated our preference for discussing probability only when it is needed to explain

some aspect of statistical analysis, but many respondents felt a course in statistical methods

needs a formal discussion of probability. We have attempted to “have it both ways” by

including a very short presentation of probability in the first chapter, but continuing to discuss

it as needed. Another frequent response was the idea that a statistical analysis course now

should include some minimal discussion of logistic regression. This caused us almost to

surrender to black-box instruction. It is fairly easy to understand the results of a computer

analysis of logistic regression, but many of our students have a mathematical background a bit

shy of that needed for performing logistic regression analysis. Thus we discuss it, with a

worked example, in the last section to make it available for those with the necessary

†SAS and JMP are registered trademarks of SAS Institute Inc., Cary, NC, USA.
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mathematical background, but to avoid alarming other students who might see the

mathematics and feel they recognize themselves in Stevie Smith’s poem†:

Nobody heard him, the dead man,

But still he lay moaning:

I was much further out than you thought

And not waving but drowning.

Consulting with research workers at West Virginia University has caused us to add some

topics not found in earlier editions. Many of our examples and exercises reflect actual research

problems for which we provided the statistical analysis. That has not changed, but the research

areas that seek our help have become more global. In earlier years we assisted agricultural,

biological, and behavioral scientists who can design prospective studies, and in our text we

tried to meet the needs of their students. After helping researchers in areas such as health

science who must depend on retrospective studies, we made additions for the benefit of their

students as well. We added examples to show how statistics is applied to health research and

now discuss risks, odds and their ratios, as well as repeated-measures analysis. While helping

researchers prepare manuscripts for publication, we learned that some journals prefer the

more conservative Bonferroni procedures, so we have added them to the discussion of mean

separation techniques in Chapter 10. We also have a discussion of ratio and difference

estimation. However, that inclusion may be self-serving to avoid yet another explanation of

“Why go to the all the trouble of least squares when it is so much easier to use a ratio?” Now

we can refer the questioner to the appropriate section in Chapter 9.

There are additions to the exercises as well as the body of the text. We believe our students

enjoy hearing about the research efforts of Sir Francis Galton, that delightfully eccentric but

remarkably ingenious gentleman scientist of Victorian England. To make them suitable

exercises, we have taken a few liberties with some of his research efforts, but only to

demonstrate the breadth of ideas of a pioneer who thought everything is measurable and hence

tractable to quantitative analysis. In respect for a man who—dare we say?—“thought outside

the black box,” many of the exercises that relate to Galton will require students to think on

their own as he did. We hope that, like Galton himself, those who attempt these exercises will

accept the challenge and not be too concerned when they do not succeed.

We are pleased that Daniel M. Chilko, a long-time colleague, has joined us in this

endeavor. His talents have made it easier to update sections on computer analysis, and he will

serve as webmaster for the web site that will now accompany the text.

We wish to acknowledge the help we received from many people in preparation of this

edition. Once again, we thank SAS Institute for permission to discuss their SAS and JMP

software.

We want to express our appreciation to the many readers who called to our attention a flaw

in the algorithm used to prepare the Poisson confidence intervals in Table A8. Because they

alerted us, we made corrections and verified all tables generated by us for this edition.

To all who responded to our survey, we are indeed indebted. We especially thank Dr.

Marta D. Remmenga, Professor at New Mexico State University. She provided us with a

detailed account of how she uses the text to teach statistics and gave us a number of helpful

suggestions for this edition. All responses were helpful, and we do appreciate the time taken

by so many to answer our questionnaire.

†Not Waving But Drowning, The Top 500 Poems, Columbia University Press, New York.
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Even without this edition, we would be indebted to long-time colleagues in the Department

of Statistics at West Virginia University. Over the years, Erdogan Gunel, E. James Harner,

and Gerald R. Hobbs have provided the congenial atmosphere and enough help and counsel to

make our task easy and joyful.

Shirley M. Dowdy

Stanley Wearden

Daniel M. Chilko
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PREFACE TO THE
SECOND EDITION

From its inception, the intent of this text has been to demystify statistical procedures for those

who employ them in their research. However, between the first and second editions, the use of

statistics in research has been radically affected by the increased availability of computers,

especially personal computers which can also serve as terminals for access to even more

powerful computers. Consequently, we now feel a new responsibility also to try to demystify

the computer output of statistical analyses.

Wherever appropriate, we have tried to include computer output for the statistical

procedures which have just been demonstrated. We have chosen the output of the SASw

System* for this purpose. SAS was chosen not only for its relative ubiquity on campus and

research centers, but also because the SAS printout shares common features with many other

statistical analysis packages. Thus if one becomes familiar with the SAS output explained in

this text, it should not be too difficult to interpret that of almost any other analysis system. In

the main, we have attempted to make the computer output relatively unobtrusive. Where it

was reasonable to do so, we placed it toward the end of each chapter and provided output of

the computer analysis of the same data for which hand-calculations had already been

discussed. For those who have ready access to computers, we have also provided exercises

containing raw data to aid in learning how to do statistics on computers.

In order to meet the new objective of demystifying computer output, we have included the

programs necessary to obtain the appropriate output from the SAS System. However, the

reader should not be mislead in believing this text can serve as a substitute for the SAS

manuals. Before one can use the information provided here, it is necessary to know how to

access the particular computer system on which SAS is available, and that is likely to be

different from one research location to another. Also, to keep the discussion of computer

output from becoming too lengthy, we have not discussed a number of other topics such as

data editing, storage, and retrieval. We feel the reader who wants to begin using computer

analysis will be better served by learning how to do so with the equipment and software

available at his or her own research center.

At the request of many who used the first edition, we now include nonparametric statistics

in the text. However, once again with the intent of keeping these procedures from seeming to

be too arcane, we have approached each nonparametric test as an analog to a previously

discussed parametric test, the difference being in the fact that data were collected on the

nominal or ordinal scale of measurement, or else transformed to either of these scales of

measurement. The test statistics are presented in such a form that they will appear as similar as

possible to their parametric counterparts, and for that reason, we consider only large samples

*SAS is a registered trademark of SAS Institute Inc., Cary, NC, USA.
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for which the central limit theorem will apply. As with the coverage of computer output, the

sections on nonparametric statistics are placed near the end of each chapter as material

supplementary to statistical procedures already demonstrated.

Finally, those who have reflected on human nature realize that when they are told “no one

does that any more,” it is really the speaker who doesn’t want to do it any more. It is in accord

with that interpretation that we say “no one does multiple regression by hand calculations any

more,” and correspondingly present considerable revision in Chapter 14. Consistent with our

intention of avoiding any appearance of mystery, we use a very small sample to present the

computations necessary for multiple regression analysis. However, more space is devoted to

examination and explanation of the computer analyses available for multiple regression

problems.

We are indebted to the SAS Institute for permission to discuss their software. Output from

SAS procedures is printed with the permission of SAS Institute Inc., Cary NC, USA,

Copyright # 1985.

We want to thank readers of the first edition who have so kindly written to us to advise us

of misprints and confusing statements and to make suggestions for improvement. We also

want to thank our colleagues in the department, especially Donald F. Butcher, Daniel M.

Chilko, E. James Harner, Gerald R. Hobbs, William V. Thayne and Edwin C. Townsend.

They have read what we have written, made useful suggestions, and have provided data sets

and problems. We feel fortunate to have the benefit of their assistance.

Shirley Dowdy

Stanley Wearden
Morgantown, West Virginia

November 1990
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PREFACE TO THE FIRST EDITION

This textbook is designed for the population of students we have encountered while teaching a

two-semester introductory statistical methods course for graduate students. These students

come from a variety of research disciplines in the natural and social sciences. Most of the

students have no prior background in statistical methods but will need to use some, or all, of

the procedures discussed in this book before they complete their studies. Therefore, we

attempt to provide not only an understanding of the concepts of statistical inference but also

the methodology for the most commonly used analytical procedures.

Experience has taught us that students ought to receive their instruction in statistics early in

their graduate program, or perhaps, even in their senior year as undergraduates. This ensures

that they will be familiar with statistical terminology when they begin critical reading of

research papers in their respective disciplines and with statistical procedures before they begin

their research. We frequently find, however, that graduate students are poor with respect to

mathematical skills; it has been several years since they completed their undergraduate

mathematics and they have not used these skills in the subsequent years. Consequently, we

have found it helpful to give details of mathematical techniques as they are employed, and we

do so in this text.

We should like our students to be aware that statistical procedures are based on sound

mathematical theory. But we have learned from our students, and from those with whom we

consult, that research workers do not share the mathematically oriented scientists’ enthusiasm

for elegant proofs of theorems. So we deliberately avoid not only theoretical proofs but even

too much of a mathematical tone. When statistics was in its infancy, W. S. Gosset replied to an

explanation of the sampling distribution of the partial correlation coefficient by R. A. Fisher:†

. . . I fear that I can’t conscientiously claim to understand it, but I take it for granted that you

know what you are talking about and thankfully use the results!

It’s not so much the mathematics, I can often say “Well, of course, that’s beyond me, but

we’ll take it as correct, but when I come to ‘Evidently’ I know that means two hours hard

work at least before I can see why.

Considering that the original “Student” of statistics was concerned about whether he could

understand the mathematical underpinnings of the discipline, it is reasonable that today’s

students have similar misgivings. Lest this concern keep our students from appreciating

the importance of statistics in research, we consciously avoid theoretical mathematical

discussions.

†From letter No. 6, May 5, 1922, in Letters From W. S. Gosset to R. A. Fisher 1915–1936, Arthur Guinness Sons and

Company, Ltd., Dublin. Issued for private circulation.
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We want to show the importance of statistics in research, and we have taken two specific

measures to accomplish this goal. First, to explain that statistics is an integral part of research,

we show from the very first chapter of the text how it is used. We have found that our students

are impatient with textbooks that require eight weeks of preparatory work before any actual

application of statistics to relevant problems. Thus, we have eschewed the traditional

introductory discussion of probability and descriptive statistics; these topics are covered only

as they are needed. Second, we try to present a practical example of each topic as soon as

possible, often with considerable detail about the research problem. This is particularly

helpful to those who enroll in the statistical methods course before the research methods

course in their particular discipline. Many of the examples and exercises are based on actual

research situations that we have encountered in consulting with research workers. We attempt

to provide data that are reasonable but that are simplified for each of computation. We realize

that in an actual research project a statistical package on a computer will probably be used for

the computations, and we considered including printouts of computer analyses. But the

multiplicity of the currently available packages, and the rapidity with which they are

improved and revised, makes this infeasible.

It is probable that every course has an optimum pace at which it should be taught; we are

convinced that such is the case with statistical methods. Because our students come to us

unfamiliar with inductive reasoning, we start slowly and try to explain inference in

considerable detail. The pace quickens, however, as soon as the students seem familiar with

the concepts. Then when new concepts, such as bivariate distributions, are introduced, it is

necessary to pause and reestablish the gradual acceleration. Testing helps to maintain the

pace, and we find that our students benefit from frequent testing. The exercises at the end of

each section are often taken directly from these tests.

A textbook can never replace a reference book. But, many people, because they are

familiar with the text they used when they studied statistical methods, often refer to that book

for information during later professional activities. We have kept this in mind while designing

the text and have included some features that should be helpful: Summaries of procedures are

clearly set off, references to articles and books that further develop the topics discussed are

given at the end of each chapter, and explanations on reading the statistical tables are given in

the table section.

We thank Professor Donald Butcher, Chairman of the Department of Statistics and

Computer Science at West Virginia University, for his encouragement of this project. We are

also grateful for the assistance of Professor George Trapp and computer science graduate

students Barry Miller and Benito Herrera in the production of the statistical methods with us

during the preliminary version of the text.

Shirley Dowdy

Stanley Wearden
Morgantown, West Virginia

December 1982
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