Contents

1. Introduction

1. Two Early Multiple Comparison Procedures, 2
2. Basic Notions and Philosophy of Multiple
Comparisons, 5
2.1 Families, 5
2.2 Error Rates, 7
2.3 Control of Error Rates, 8
3. Examples, 12

PART I PROCEDURES BASED ON CLASSICAL
APPROACHES FOR FIXED-EFFECTS LINEAR MODELS
WITH NORMAL HOMOSCEDASTIC INDEPENDENT
ERRORS

2. Some Theory of Multiple Comparison Procedures for
Fixed-Effects Linear Models

1. A Review of Fixed-Effects Linear Models, 20
1.1 The Basic Model, 20
1.2 Point Estimation, 20
1.3 Confidence Estimation and Hypothesis
Testing, 22
1.4 Examples, 24
2. Single-Step Procedures for Nonhierarchical
Families, 28
2.1 The Union-Intersection Method, 28
2.1.1 Finite Families, 29
2.1.1.1 Two-Sided Inferences, 29
2.1.1.2 One-Sided Inferences, 32

17

17

xiii



Xiv

2.1.2 Infinite Families, 33
2.2 The Projection Method, 35
2.3 Directional Decisions, 39

2.3.1 A Single Parameter, 39

2.3.2 Multiple Parameters, 40

3. Single-Step Procedures for Hierarchical Families, 43
3.1 Hierarchical Families, 44
3.2 Coherence and Consonance, 44
3.3 Simultaneous Test and Confidence
Procedures, 47
3.3.1 Simultaneous Test Procedures, 47
3.3.1.1 Likelihood Ratio Statistics, 48
3.3.1.2 Union-Intersection
Statistics, 49
3.3.2 Simultaneous Confidence Procedures
and Confidence-Region Tests, 50

4. Step-Down Procedures, 53
4,1 The Closure Method, 54
4.2 Nonhierarchical Families, 55
4.2.1 A Shortcut Version of the Closed
Testing Procedure, 55
4.2.2 A Sequentially Rejective Bonferroni
Procedure, 57 '
4.2.3 Directional Decisions, 59
4.2.4 Simultaneous Confidence Estimation, 59
4.3 Hierarchical Families, 62
4.3.1 Preliminaries, 62
4.3.2 A Closed Testing Procedure, 63
4.3.3 A Class of Other Step-Down
Procedures, 64
4.3.3.1 A General Testing Scheme, 64
4.3.3.2 Nominal and True Levels, 66
4.3.3.3 Control of the Type I
Familywise Error Rate, 67

3. Single-Step Procedures for Pairwise and More General
Comparisons among All Treatments

1. Scheffé’s S-Procedure, 73
1.1 General Balanced or Unbalanced Designs, 73
1.2 A Simultaneous Test Procedure for the Family
of Subset Hypotheses, 76

CONTENTS

72



CONTENTS

1.3 Examples, 77

Tukey’s T-Procedure for Balanced Designs, 80
2.1 Balanced One-Way Layouts, 80
2.1.1 Pairwise Comparisons, 80
2.1.2 All Contrasts, 81
2.1.3 All Linear Combinations, 82
2.2 General Balanced Designs, 83
2.3 A Simultaneous Test Procedure for the Family
of Subset Hypotheses, 84
2.4 Examples, 84

Modifications of the T-Procedure for Unbalanced
Designs, 85
3.1 Exact Procedures, 86
3.1.1 Pairwise Comparisons, 86
3.1.2 General Contrasts, 88
3.1.3 All Linear Combinations, 89
3.2 Approximate/Conservative Procedures, 91
3.2.1 The Tukey-Kramer Procedure, 91
3.2.2 The Miller—Winer Procedure, 93
3.2.3 Procedures Based on the Bonferroni and
Related Inequalities, 94
3.2.4 Procedures Designed for Graphical
Display, 96
3.3 Examples, 98
Comparisons among Single-Step Procedures, 102
4.1 Balanced Designs, 102
4.2 Unbalanced Designs, 105

Additional Topics, 107

5.1 An Intermediate Procedure for p: q
Comparisons, 107

5.2 Multiple Comparisons Following a Significant
F-Test, 108

4. Stepwise Procedures for Pairwise and More General
Comparisons among All Treatments

1.

Step-Down Procedures Based on F-Statistics, 111
1.1 One-Way Layouts, 111

1.2 General Balanced or Unbalanced Designs, 113
Step-Down Procedures Based on Studentized Range
Statistics, 114

Xy

110



CONTENTS

2.1 Balanced Designs, 114

2.2 Unbalanced Designs, 116
2.2.1 The Kramer Procedure, 116
2.2.2 The Duncan Procedure, 116

3. Peritz’s Closed Step-Down Procedure, 121

4. Step-Up Procedures, 124
4.1 Balanced One-Way Layouts, 124
4.2 Unbalanced Designs, 128

5. A Comparison of Single-Step and Stepwise
Procedures, 128
5.1 Criteria for Comparison, 128
5.2 Procedures to Be Compared, 129
5.3 Discussion, 130

Procedures for Some Nonhierarchical Finite
Families of Comparisons - 134

1. Orthogonal Comparisons, 135
1.1 Single-Step Procedures, 136
1.2 Step-Down Procedures, 138

2. Comparisons with a Control, 139
2.1 Single-Step Procedures, 140
2.1.1 Exact Procedures for Balanced or
Unbalanced Designs, 140
2.1.2 Approximate Procedures for
Unbalanced Designs, 144
2.1.3 Extensions and Other Remarks, 146
2.2 Step-Down Procedures, 147

3. Comparisons with the “Best” Treatment, 150
3.1 The Basic Procedure, 150
3.2 Extensions, 154

4. Two Miscellaneous Families, 157
4.1 Comparisons with the Average, 157
4.2 Successive Comparisons among Ordered
Means, 159

Designing Experiments for Multiple Comparisons 161

1. Single-Stage Procedures, 163
1.1 Pairwise Comparisons, 163
1.2 Comparisons with a Control, 164



CONTENTS

PART II

1.3 Comparisons with the “Best”, 169
1.4 Successive Comparisons among Ordered
Means, 170

Two-Stage Procedures, 171

2.1 Pairwise Comparisons, 172

2.2 Comparisons with a Control, 173
Incomplete Block Designs for Comparing
Treatments with a Control, 174

PROCEDURES FOR OTHER MODELS AND

PROBLEMS, AND PROCEDURES BASED ON
ALTERNATIVE APPROACHES

7. Procedures for One-Way Layouts with Unequal Variances

1.

2.

Single-Stage Procedures, 182
1.1 All Linear Combinations, 183
1.2 All Contrasts, 186
1.2.1 The Special Case k=2 (The Behrens—
Fisher Problem), 186
1.2.2 The General Case k=2, 187
1.3 Comparisons with a Control, 193
1.4 A Comparison of Procedures, 193

Two-Stage Procedures, 194
2.1 Preliminaries, 194
2.2 All Linear Combinations, 197
2.2.1 Procedures Based on Sample
Means, 197
2.2.2 Procedures Based on Generalized
Sample Means, 198
2.3 All Contrasts, 200 .
2.3.1 Procedures Based on Sample
Means, 200
2.3.2 Procedures Based on Generalized
Sample Means, 200
2.4 Comparisons with a Control, 201
2.4.1 One-Sided Comparisons, 201
2.4.2 Two-Sided Comparisons, 201

Step-Down Procedures, 204

3.1 Modified Fisher’s Least Significant Difference
Procedure, 204

3.2 Modified Newman—-Keuls Type Procedures, 205

xvii

179
181



x L1X]

8. Procedures for Mixed Two-Way Layouts and Designs
with Random Covariates

1.

Procedures for One-Way Repeated Measures and
Mixed Two-Way Designs, 208
1.1 Models, 208
1.2 Exact Procedures for Spherical and Symmetric
Models, 210
1.2.1 One-Way Repeated Measures Designs
or Mixed Two-Way Designs with a
Single Replication per Cell, 210
1.2.2 Balanced Mixed Two-Way Designs with
Multiple Replications per Cell, 212
1.3 Procedures for General Models, 213
1.3.1 An Exact Procedure, 213
1.3.2 Approximate Procedures, 214
1.4 A Comparison of Procedures, 219

Procedures for Analysis of Covariance Designs with
Random Covariates, 219
2.1 Models, 219
2.2 Exact Unconditional Procedures, 221
2.2.1 Pairwise Comparisons, 221
2.2.2 General Contrasts, 224
2.3 An Approximate Conditional Procedure, 226
2.4 A Comparison of the Conditional and
Unconditional Procedures, 231

9. Distribution-Free and Robust Procedures

1.

Procedures for One-Way Layouts, 235
1.1 Comparisons with a Control, 235
1.2 Pairwise Comparisons, 242
1.2.1 A Procedure Based on Rank Sum
Statistics Using Separate Rankings, 242
1.2.2 Procedures Based on Rank Sum Statis-
tics Using Joint Rankings, 244
1.3 Step-Down Procedures, 247
1.4 A Comparison of Procedures, 249
Procedures for Randomized Complete Block
Designs, 250
2.1 Models and Hypotheses, 250
2.2 Comparisons with a Control, 252

CONTENTS

207

234



CONTENTS Xix

2.2.1 A Procedure Based on Sign
Statistics, 252
2.2.2 A Procedure Based on Signed Rank
Statistics, 254
2.3 Pairwise Comparisons, 257
2.3.1 A Procedure Based on Sign
Statistics, 257
2.3.2 A Procedure Based on Signed Rank
Statistics, 258
2.3.3 A Procedure Based on Within-Block
Rank Statistics, 259
2.3.4 Procedures Based on Aligned Rank
Statistics, 260
2.4 Step-Down Procedures, 265
2.5 A Comparison of Procedures, 266
Procedures Based on Other Approaches, 267
3.1 Procedures Based on Permutation Tests, 267
3.2 A Procedure Based on Median Statistics, 268
3.3 Procedures Based on General Linear Rank
Statistics, 270

4. Robust Procedures, 271

10. Some Miscellaneous Multiple Comparison Problems 274

1.

Multiple Comparison Procedures for Categorical
Data, 274

1.1 Treatments with Bernoulli Responses, 275
1.2 Multinomial Cell Probabilities, 277

1.3 Contingency Tables, 278

1.4 Logistic Response Curves, 281

Multiple Comparisons of Variances, 282

2.1 Error Variances in Fixed-Effects
Models, 283

2.2 Variance Components in Random-Effects
Models, 285

Graphical Procedures, 286

3.1 Normal Plots, 286

3.2 Miscellaneous Techniques, 289

Multiple Comparisons of Means under Order

Restrictions, 290

4.1 All Monotone Contrasts, 290

4.2 Comparisons with a Control, 293



5.

CONTENTS

Interactions in Two-Way Layouts, 294

5.1
5.2

Types of Interaction Contrasts, 295
Procedures for Selected Families, 296

5.2.1 Generalized Interaction Contrasts, 296
5.2.2 Product-Type Interaction Contrasts, 298
5.2.3 Tetrad Differences, 299

5.2.4 Interaction Residuals, 299

5.2.5 Interaction Elements, 300

Partitioning Treatment Means into Groups, 303

6.1
6.2
6.3

Procedures Based on Cluster Analysis, 304
Other Procedures, 307
A Comparison of Procedures, 308

11. Optimal Procedures Based on Decision-Theoretic,
Bayesian, and Other Approaches

1.

4.

APPENDIXES

A Decision-Theoretic Approach, 311 —
2. A Neyman-Pearson Type Approach, 314
3. A Bayesian Approach, 318

3.1
3.2
3.3
3.4

3.5

3.6

A Two-Decision Student-¢z Problem, 318

A Three-Decision Student-t Problem, 320
Pairwise Comparisons, 322

Pairwise Comparisons: A Bayesian Approach
Using Hyper Priors and Other Extensions, 326
Bayesian Simultaneous Confidence

Intervals, 331

Concluding Comments, 333

A Combined Bayesian and Neyman—Pearson Type
Approach, 334

5. A I'-Minimax Approach, 336

1. Some General Theory of Multiple Comparison Procedures

1.

Simultaneous Test Procedures, 344

1.1
1.2
1.3

Hierarchical Families, 344

Testing Families, 344

Coherence and Consonance; Likelihood Ratio
and Union-Intersection Methods, 345

310

341

343



CONTENTS xxi

1.4 Control of the Familywise Error Rate, 346
1.5 Resolution and Power, 347

2. Simultaneous Confidence Procedures, 348
2.1 Simultaneous Confidence Regions, 348
2.2 Coherence and Consonance in Simultaneous
Confidence Estimation, 349
2.3 Deriving Simultaneous Confidence Regions
from a Simultaneous Test Procedure, 350
2.4 Confidence-Region Tests, 351

3. Step-Down Test Procedures, 352

3.1 Control of the Familywise Error Rate, 353
3.1.1 General Results, 353
3.1.2 Application to the Family of Subset

Hypotheses, 356

3.1.3 A Shorcut Procedure, 358

3.2 An Optimal Choice of Nominal Levels, 358

3.3 Directional Decisions, 360

2. Some Probability Inequalities Useful in Multiple
Comparisons 362

1. Bonferroni-Type Inequalities, 363
Multiplicative Inequalities, 365
2.1 Inequalities for Multivariate Normal and
Multivariate ¢-Distributions, 365
2.2 Inequalities via Association, 369

3. Inequalities via Majorization, 370

3. Some Probability Distributions and Tables Useful in
Multiple Comparisons 373

1. Distributions, 373
1.1 Multivariate Normal Distribution, 373
1.2 Multivariate #-Distribution, 374
1.3 Studentized Maximum and Maximum Modulus
Distributions, 375
1.4 Studentized Range Distribution, 376
1.5 Studentized Augmented Range
Distribution, 377
2. Tables, 377
2.1 Details of the Tables, 377



2.2

References

Author Index
Subject Index

CONTENTS

Rules for Interpolation, 379

Table 1. Upper a Point of Student’s ¢-
Distribution with » Degrees of Freedom
(T), 380

Table 2. One-Sided Upper a Equicoordinate
Point of the k-Variate Equicorrelated
Standard Normal Distribution with Common
Correlation Coefficient p (Z (‘") 381

Table 3. Two-Sided Upper a Equicoordinate
Point of the k-Variate Equicorrelated
Standard Normal Distribution with Common
Correlation Coefficient p (Z{)), 382

Table 4. One-Sided Upper a Equicoordinate
Point of the k-Variate Equicorrelated ¢
Distribution with Common Correlation
Coefficient p and Degrees of Freedom v

(Ti),), 383

Table 5. Two-Sided Upper a Eqmcoordmate
Point of the k-Variate Equicorrelated #-
Distribution with Common Correlation
Coefficient p and Degrees of Freedom »
(ITIE.,), 391

Table 6. Upper « Point of the Studentized
Maximum Distribution with Parameter k£ and
Degrees of Freedom » (M("‘)) 399

Table 7. Upper a Point of the Studentized
Maximum Modulus Distribution with
Parameter k and Degrees of Freedom »
(1M[;:)), 403

Table 8. Upper a Point of the Studentized
Range Distribution with Parameter k and
Degrees of Freedom » (Q{)), 407

Table 9. Minimum Average Risk #-Values for
the Waller-Duncan Procedure

(t*(K, F, q, f)), 411
417

439
445



	Inhaltsverzeichnis
	[Seite 1]
	[Seite 2]
	[Seite 3]
	[Seite 4]
	[Seite 5]
	[Seite 6]
	[Seite 7]
	[Seite 8]
	[Seite 9]
	[Seite 10]


