Table of Contents

Chapter 1 Introduction to the Analysis of CovariancCe.........cccccevvieiiniieeiiesiieennnn,s 1
11 LN (oo [Tt { o] o PSSP 1
12  The Covariate AdJUSTMENT PrOCESS....iiiiiiiieiie et 1
1.3 A General AOC Model and the Basic Philosophy......ccccooiviiiiiiiiiiciiiee, 7
BT (=] =] o] =T U PTUR R SPRPRTRTRTRIS 10

Chapter 2 One-Way Analysis of Covariance — One Covariate in a

Completely Randomized Design Structure........cccccoeevieevieeicieecnenn, 1n

21 THE MO n
2.2 ESHIMATION ... 12
2.3  Strategy for Determining the Form of the Model........ccooveiviiiiiicie e, 14
24  Comparing the Treatments or Regression LinesS.......cccovveiiieeviieeiieciiineenn, 17
2.4.1  Equal SIopesS MOdel. ... 18

2.4.2 Unequal Slopes Model-Covariate by Treatment Interaction.............. 21

2.5  Confidence Bands about the Difference of Two Treatments...........cccceeveenee. 25
2.6 SUMMArY Of Strat@QieS. it 25
2.7 Analysis of Covariance Computations via the SAS® System.........c...c........ 26
2.7.1  Using PROC GLMand PROC MIXED ...ccccocovvimiimesieeesirssiennenan, 26
2.7.2  USING JMP®.....ccoooiiiieiic ettt 31

2.8 CONCIUSIONS. ...tiiiiiiicie ettt sre e beeaeeneenneas 38
=Y (T 0]t o= ROPRS PR 39
T (o] 1= SR PROPSUSRSS 39

Chapter 3 Examples: One-Way Analysis of Covariance — One Covariate

in a Completely Randomized Design Structure........ccocevvvevvevveennn. 41
31 gL oo [U]ox 1 T o RSP SR 41
3.2 Chocolate Candy — Equal SIOPEeS.....cccoiiiiiiiii e 41
3.21  AnalysisUsing PROC GLM....ccccooiiiiiiiiieiece e 42
3.2.2 AnalysisUsing PROC MIXED.......cccoooiiiiiiiiiiie e 47
3.2.3  ANalySisSUSING JMP®.......cccccoiiiiiiiiiiie st 50
3.3  Exercise Programs and Initial Resting Heart Rate — Unequal Slopes.....54
3.4  Effect of Diet on Cholesterol Level: An Exception to the Basic
Analysis of CovarianCe Strategy......cccciieiiieiiie i 66
3.5 Change from Base Line Analysis Using Effect of Diet on Cholesterol
VLT I T Y - F TS 70

3.6  Shoe Tread Design Data for Exception to the Basic Strategy.........c.cccecu... 74



3.7  Equal Slopes within Groups of Treatments and Unequal Slopes

DEEWEEN GrOUPS....ei ittt nne e ees 78
3.8  Unequal Slopes andEqual Intercepts — Part L.......ccccccoviviviiiiienieiieeiinns 83
3.9  Unequal Slopes andEqual Intercepts — Part 2 ........ccccocoeevieeiviee e, 85
RETEIENCES. ...ttt et e e st e e e s e e s be e e srte e s aneeeanres 90
= (o 1= TSRS 90

Chapter 4  Multiple Covariates in a One-Way Treatment Structure in a

Completely Randomized Design StrucCture.........ccceeeevvveeceeiineennen, 93
O R 1 (o o 13 1 1 o o P USSR SURSRURI 93
4.2 The MO 93
O B [ =14 o] o PSPPI 95
4.4 Example: Driving A Golf Ball with Different Shafts.............cccccoeeeiinnnnn. 95
4.5 Example: Effect of Herbicides on the Yield of Soybeans — Three
(@017 U =Y (=TSRSS 99
4.6 Example: Models That Are Quadratic Functions of the Covariate........... 105
4.7 Example: Comparing Response Surface Models.........cccocceeviviviienieiieeninn, 112
=Y (=T 0] 0o PSSR 121
(T (0] 1= T OSSPSR PRSP 121

Chapter 5  Two-Way Treatment Structure and Analysis of Covariance in

a Completely Randomized Design Structure..........cccoveevviveeiinnnnen, 123
oI R 111 0o (1 ox o] o TSRS 123
52 The MOUEB.cc e 123
53  USINg the SAS® SYSTEM ...cceeiiieiii e 127
531 Using PROC GLM and PROC MIXED........cccceeviiiieiieiieesieinn, 128
5.3.2  USING JMP®.......cccuiiiiiiiie ettt 129
54  Example: Average Daily Gains and BirthWeight — Common Slope..... 130
55  Example: Energy from Wood of Different Types of Trees — Some
UNEQUAL SIOPES....c.eiiiiie it 136
56  Missing Treatment CombiNatioNnS.........ccccveviieiieiii e i, 144
57  Example: Two-Way Treatment Structure with Missing Cells................... 147
5.8  EXIENSIONS.....ciiiiiiiic ittt ettt ettt et e e te e e e re e nnaeere e 158
= (=] =] [ SO SROPRROPSTI 160
(=] (0] 1= TSR UPRRUPRTI 160
Chapter 6Beta-Hat MOUEIS........c.coveiiiiie e 163
B.1  INTFOAUCTION......coiiiiieccic et re e reeanee s 163
6.2 The Beta-Hat Model and Analysis..........cccooviiieiiiii i, 163
6.3  Testing Equality Of Parameters........cccceeiiieeiiee e 165
6.4  Complex Treatment STUCTUIES........ccviiiieeiie e 166
6.5  Example: One-Way Treatment StruCture........cccevveveeiiieviesie e, 167

6.6  Example: Two-Way Treatment StruCtUre.........cccocveveevieniin v 171



B.7  SUMIMAIY ..ot iiiiiiieiiiiie ettt e e s e e s b e e s sab e e e e sb b e e e snbe e e e asbeeeennseeas 174

] (0] 11T TSRS 174
Chapter 7 Variable Selection in the Analysis of Covariance Model................ 175
7.1 INEFOAUCTION. .....eiiiiiiicc e 175
7.2 Procedure for EQual SIOPES.......ccceiiiiiiiiii e 175
7.3 Example: One-Way Treatment Structure with Equal Slopes Model........ 177
T4 SOME THEOIMY e 184
7.5  When Slopes are Possibly Unequal............cccccoveiiiiiiiiiicicceee 185
RETEIEICES. ... ettt e et e e s ebe e e s be e e s bee e sbaeesnbeeenreeean 186
=] (0] 1TSS UUSUPPTSRS 186
Chapter 8 Comparing Models for Several Treatments...........ccccevvvvvieereeinnenn, 189
8L INTrOAUCTION. .. ..ciitiiiicic ettt be s 189
8.2  Testing Equality of Models for a One-Way Treatment Structure............. 190
83  Comparing Models for a Two-Way Treatment Structure..........cccccceevvvenen. 191
8.4  Example: One-Way Treatment Structure with One Covariate.................. 193
85  Example: One-Way Treatment Structure with Three Covariates.............. 195
8.6  Example: Two-Way Treatment Structure with One Covariate.................. 197
B.7  DISCUSSION....ccuiieiiie ettt ettt e et e et e e s e e s b e e anee e e nrneeanees 200
RETEIENCES. ...t et e e e e e st e e et e e st e e e s raeeeree e 201
E X BICISES . ettt bbbt ne e nre s 201

Chapter 9  Two Treatments in a Randomized Complete Block Design

SETUCTUNE. .. e 203

R 11 10 To [0 o3 {To o SRR 203
9.2  Complete BIOCK DESIGNS......coiiiiiiieiieeiie st 203
9.3  Within BIOCK ANAlYSIS.......cooiiiiiiiee e 204
9.4  Between BIOCK ANAlYSIS......ccoviiiiiiicic st 206
9.5  Combining Within Block and Between Block Information...................... 207
9.6  Determining the Form of the Model..........ccccoviiiiiiii e, 209
9.7  Common SIope MOEL.......ccccoiiiiee e 211
9.8  Comparing the TreatmMentsS........ccocvieiiiiiiniee s 214
9.8.1 Equal Slopes Models..........ccooiiiiiiiiiiii e, 215
9.8.2 Unequal Slopes Model........ccooveiiiiiiiic e, 215

9.9 Confidence Intervals about Differences of Two Regression Lines........... 215
9.9.1  Within Block ANalysSiS.........ccoveiiiiiiiiicie e 216
9.9.2 Combined Within Block and Between Block Analysis.................. 216

9.10 Computations for Model 9.1 Using the SAS® System..........cccceevveernnennn 217
9.11 Example: Effect of Drugs on Heart Rate........cccccccevivevieiie i 221
0.12  SUMIMAIY ...ttt e e e s anb e e e s bbe e e e enbn e e e s nnes 226
RETEIEINCES. ... 231

B BT IS . et ——— 231



Chapter 10 More Than Two Treatments in a Blocked Design Structure........ 233

00 1011 oo o4 o] P PSSR ORRPR 233
10.2 RCB Design Structure — Within and Between BlockIinformation......... 233
10.3 Incomplete Block Design Structure — Within and Between Block
INFOIMALION. ... 234
10.4 Combining Between Block and Within Block Information...................... 236
10.5 Example: Five Treatments in RCB Design Structure..........ccccocvvvveeiiennnnn. 240
10.6 Example: Balanced Incomplete Block Design Structure with Four
TTEALMENTS. ... 247
10.7 Example: Balanced Incomplete Block Design Structure with Four
Treatments USING JMP®...........cccceiiviiie i 251
10.8  SUMIMAIY ...oiiiiiiiiii ettt sib e nn e e nnnes 254
RETEIEICES. ... ettt e et e e e e e st e e snre e e reeeanees 256
] (0] 11 PRPR R 256

Chapter 11 Covariate Measured on the Block in RCB and Incomplete

Block DeSign STIUCLUIES........coviiiie e 259
S oo [0 Tod [ o SO PS 259
11.2  The Within Block Model..........cccooiiiiiiiii s 260
11.3 The Between BIOCK MOdEl........cccuoiiiiiiii e, 261
11.4 Combining Within Block and Between Block Information...................... 261
11.5 Common SIope MOEL........ccoviiiiiiee e 263
11.6 Adjusted Means and Comparing TreatmentS..........cccevvvvieeveesieeveesieennns 264
11.6.1 Common Slope MOdEl.........ccoviiiiiii e 264
11.6.2 Non-Parallel Lines Model.........cccooviiiiiiiiiinieece e 264
11.7 Example: TWO TreatmentS.......cccveiiiiiee et 265
11.8 Example: Four Treatments in RCB..........ccccoiieiiiie i 269
11.9 Example: Four Treatments in BIB.........ccccooe i 277
11,210 SUMMAIY ..ttt e e nr e nnnee s 282
RETEIEINCES. ... .ee et et e e s e et e e s be e e s ate e e be e e arre e e nraeeenreas 284
T (0] 11T PR POUSRPRI 284
Chapter 12 Random Effects Modelswith Covariates..........ccccccevvviivcnieinenne, 287
2 R 1 1 (0o L1 o1 o SR OUROPPRRPS 287
122 The MOAEL. ... e e 287
12.3  Estimation of the Variance COMPONENTS........ccouvreirieiiiieiieeieneesniee s 292
12.4 Changing Location of the Covariate Changes the Estimates of the
VarianCe COMPONENTS. ......ccuiiieeiieeieecee e sie e srre et e e e nreesraeanes 297
125 Example: Balanced One-Way Treatment Structure...........ccccccecevvvvernennne. 299
12.6 Example: Unbalanced One-Way TreatmentStructure..........ccccocvevverneenne. 304
12.7 Example: Two-Way Treatment StruCtUIe.........ccceovvevieiie e s 309
12,8 SUMMAIY ..eiiiiiiiiie ittt e e s st e e e e s bb e e e s enbnee s 315
RETEIEINCES. ... .ee ettt et e s e st ae e st e e s e e e be e e eree e naeeeenneas 320

B G S . . ettt ettt e e e et e e e e e e e e e e e e r e aaaaaaaaa 321



Chapter 13 Mixed MOAEIS........cooiiiiiiiiee e 325

B R 1 11 £ o [ o3 o] o O SRTRSUOPURPRO 325
13.2 The Matrix Form of the Mixed Model..........cccoiiiiiiinieii e, 325
13.3  Fixed Effects Treatment STrUCTUIE........ccccovveeiieriiieie e, 329
13.4 Estimation of Fixed Effects and Some Small Sample Size
APPIOXIMALIONS.....eciiiiieciie e sre e e eeee e 329
135 Fixed Treatments and Locations Random........c.ccecvvevieiiinvinieenen e 331
13.6 Example: Two-Way Mixed Effects Treatment Structure in aCRD......... 332
13.7 Example: Treatments are Fixed and Locations are Random with a
RCB at EaCh LOCAtION.....ccuiiiiiiii i 337
RETEIBNCES. ...ttt bbbt 350
=] (o =SSP 351
Chapter 14 Analysis of Covariance Models with Heterogeneous Errors........ 353
i R [ 1 (0o [N T3 AT TR UPTRTOPRTRPRPRY 353
14.2  The Unequal Variance Model...........cccooviiiiiiiiiin i 353
14.3 Tests for Homogeneity of Variances............ccccccoenue.. 354
1431 Levene’s Test for Equal VarianCes.........ccccocevieeiienienseesieesensnns 354
14.3.2 Hartley’s F-Max Test for Equal Variances...........cccccovevvviivevineennn. 355
14.3.3 Bartlett’s Test for Equal VarianCes...........cccvvvveviieeviieeeciee e 355
14.3.4 Likelihood Ratio Test for Equal Variances............cccocovevveiiennienne 356
14.4 Estimating the Parameters of the Regression Model..........cc.c.cccoeviieennnn. 356
1441 Least Squares EStimation........c.ccccceevveiii i, 356
14.4.2 Maximum Likelihood Methods.........cccccovvviiiiiiiiicee e, 357
145 Determining the Form of the Model..........ccoooieiiiii e, 357
146  Comparing the MOdelS........ccooiiiiiiii e 359
14.6.1 Comparing the Nonparallel Lines Models..........cccoovvevieiiiiiinnnnn, 359
14.6.2 Comparing the Parallel Lines Models.......c..ccccovvveviiniineiieciiennnn, 361
147  ComputatioNal ISSUES........eiveeieiiiiie sttt nneas 362
148 Example: One-Way Treatment Structure with UnequalVariances............ 362
149 Example: Two-Way Treatment Structure with UnequalVariances........... 369
14.10 Example: Treatments in Multi-location Trial..........ccccooeiiiiiiiiiiiinen, 381
1411 SUMIMAIY ..ttt ettt e et e e sab e e e s bb e e e snbbe e e e nnsneeeannneeeeas 389
] (] (=] [0TSR 389
G (o ST TSRO UPURTTR TP 389

Chapter 15 Analysis of Covariance for Split-Plot and Strip-Plot Design

SETUCTUTES. ..ottt 391

S A {01 (oo (1 Tox { (o] o PO OSSR OUROPROPRROS 391

152 SOME CONCEPLS. ..iiiiie ittt ettt st e nre e e nree e 392
15.3 Covariate Measured on the Whole Plot or Large Size of Experimental

1| USSP ORTPRRPROPR 392

154 Covariate is Measured on the Small Size of ExperimentalUnit................ 395



15,5 Covariate is Measured on the Large Size of Experimental Unit and a

Covariate is Measured on the Small Size of Experimental Unit.............. 398
15.6 General Representation of the Covariate Part of the Model..................... 399

15.6.1 Covariate Measured on Large Size of Experimental Unit............. 401

15.6.2 Covariate Measured on the Small Size of Experimental Units....403

15.6.3 Summary of General Representation..........cccccvevvviieeninnieeninsnens 405
15.7 Example: Flour Milling Experiment — Covariate Measured on the

WHOUE PlOt... .o 406
15.8 Example: Cookie BaKing.......cccooeiiiiiiiiiiic e 414

15.9 Example: Teaching Methods with One Covariate Measured on the
Large Size Experimental Unit and One Covariate Measured on the

Small Size Experimental Unit...........ccccooviiiiiiiiiiiicee e 426
15.10 Example: Comfort Study in a Strip-Plot Design with Three Sizes of

Experimental Units and Three Covariates........cccoccvvvevrenieeniinsieesieenens 432
1511 CONCIUSIONS. . .ccutiiiieitieitieie ettt ettt be e esbeesreenbeaneenreens 444
R = =] [0TSR 446
(] o] 1= TS UROURROPRURR 446
Chapter 16 Analysis of Covariance for Repeated Measures Designs.............. 451
16.1  INEFOTUCTION. ....eiiiiiiiie et 451
16.2 The Covariance Part of the Model — Selecting R ......cccoooviviiiiiiiinnne 453
16.3 Covariance Structure of the Data........ccccccvviiiiiniiicie e 456
16.4 Specifying the Random and Repeated Statements for PROC MIXED

Of the SAS® SYSTEM ....oiiiiiie e 457
16.5 Selecting an Adequate Covariance StruCtUIe.........ccccvvveevieeiieeseeiiieesienn, 458
16.6 Example: Systolic Blood Pressure Study with Covariate Measured

on the Large Size Experimental Unit..........cccccoovveviiiiii i 459

16.7 Example: Oxide Layer Development Experiment with Three Sizes
of Experimental Units Where the Repeated Measure is at the Middle
Size of Experimental Unit and the Covariate is Measured on the

Small Size Experimental Unit.........c.cocoeviiiiiiiiiiiieccececce e 470
R T 0] o o] [0 1S] (0] o LT 479
=Y (=] 0TS 487
] (0] 11 487
Chapter 17 Analysis of Covariance for Nonreplicated Experiments............... 493
I R 01 (o T [ o] o SRR 493
17.2  Experiments with A Single Covariate...........coccoooeiieiinieiiiiecee e, 495
17.3. Experiments with Multiple Covariates..........cccvveiiiiiiiiiiiiiiereseee, 499
17.4  Selecting Non-null and Null Partitions..........cccecvevieiiinie i 501
17.5 Estimating the Parameters.......ccccccveiieiiieiie e 502
17.6 Example: Milling Flour Using Three Factors Each at TwolLevels........... 503
17.7 Example: Baking Bread Using Four Factors EachatTwo Levels.............. 508

17.8 Example: Hamburger Patties with Four Factors Eachat TwolLevels......... 511



17.9 Example: Strength of Composite Material Coupons with Two

0001V oY -1 (=PRSS 512
17.10 Example: Effectiveness of Paint on Bricks with Unequal Slopes............ 520
17.10 SUMIMATY cetiiiieiiiiiiie ettt e e ettt e e e st e e e e e snbb e e e e e s ansbneeaeesanes 527
R (=] (=] 0TSSR 529
(] (o] 1= TSRS 530
Chapter 18 SpecialApplicationsof Analysis of Covariance............cccocevvvvveennnn, 533
S 0 O 1 01 To 11Ty 1 o o PR USTRR 533
18.2 Blocking and Analysis of CoVarianCe..........cceeevviiieeiiiieee e 533
18.3 Treatments Have Different Ranges of the Covariate........c...cccceeevvvevnenee, 543
18.4 Nonparametric Analysis of COVarianCe........ccccccvviieiviie i 552
18.4.1 Heart RateData from EXercise Programs........ccccocccevviveniiinensnnnnn, 552
18.4.2 Average Daily Gain Data from a Two-Way Treatment
STTUCTUTE . e e s 555
18.5 Crossover Design With CoVariates........ccccuvveiiieiiieeiiiesie e esee e 559
18.6  Nonlinear Analysis 0f COVArIanCe..........ccocuveeeiviieee e 564
18.7  Effect Of OULHIEIS......oooieeeece e 572
R (=1 (=] [0TSR 590
T (0] 1= TSP OTPERPRRPIS 590

Index 597



