Table of Contents

o (2] i Lo = S Xiii
L ANErOAUCTION. ...t |
1.1 A Brief Review of Tools for Statisticallnference..........cc.ccooceevvcvnievvrenccnieennnn. 1
Notation and SYMbBOIISM..........cooiiiiiiiiee e 2
The Normal DistriDULION. ..o 4

LS 0 T U o] T SSSR 8
Testing Of HYPOLNESES......c..oveiiicee e 9
Experimental SignifiCanCe.........ccvviiiiiiiicicce s 16

1.2 Principles of Experimental Design.......cccocooviniiiniiniei e 16
RaNAOMIZALION.......ccoiiiiiiece e 17
REPIICALION. ...t 17
[0 or: | I @0 ] o] 1 o ) I SRS 17
BHNAING. ... 18
Planning the TeSt Program.........cccocieieieeieienesesese e 19

1.3 The Role of the Statistician in Research.........c.cccocevvviiivininincs e 21
PartNerSRIP....cv o s 21
Client-Consultant Relationship........cccccciveieiiieiiii e 21
EXBICISES. ...ttt ettt sttt et sttt b et e bbb er e reeteabeebe e e nre e 22
2 StatisticalSENSOry TESTING. ... ...eoviiriiriiiiiiie e 25
2.1 Psychophysical Aspects of Sensory Data..........ccoccoevvriveieivivnnninnene e 25
WEDEI'S LLAWV.....cuiciicii ettt enesne e e 27
1ol 0 T I Y ST 27
SEEVENS' POWET LLAW.....iiiiiieiieiie ettt st sttt 28
Thurstone's Law of Comparative Judgment...........cccccocevvveveieincnscesenenene 29

2.2 Scales Of MEASUIEIMENL.........c.ccvcieiiece e 30
HEAONIC SCAIB........oiiiiiiece e e e 32
Intensity Rating SCAIE..........cooviiiieie e 34
RANKINGS. .. ettt ettt et see st e e s 35

2.3 SCAIE SIIUCTUNES.....cuiieie ettt se e aeneereene s 35
2.4 Construction 0fa SCale........ccccooieiiiec 37
Edwards' Method of Successive Intervals...........ccococeveieiiinieniececceee, 38
Scaling Of CategOIIES.....cviiiiriiieie et et 46

2.5 Distribution of SENSOry Data.........ccocevireriiniiiiiiene s 50
Measures of Shape DIStribDULION...........coccoiiiieiiice s 50
Statistical Properties of Subjective Data........cccceeveveiiniineniienencese e 52
TranSTOrMALION........cooiieiire et 55

2.6 Selection of Panel Members.........ccocoveiivici e 57
Criteria Based on Binomial ReSPONSE.........ccccevevveviveiiieiiieieeisie e 57
Criteria Based on Rating Scale.........cccccovveiiiiiiiiieiec e 63

vii



Viii

Table of Contents

Sequential ANAIYSIS. ... 64
Quality Control Chart for Degree of Difference...........cccoovenievienneinnee 69
EXBICISES. ...ttt bbb bbb 74
The Analysis of Variance and Multiple Comparison TesStS...........ccccooviiivienninn, 77
3.1 ANalysis OF VarianCe.........ccuvviiiiiiiii et 77
Assumptions in the Analysis Of VariancCe..........c.ccoceeveiniiiniiie e 80
Fixed- and Random-Effects MOdelS.........cccovvviriiiiiiieneesese e 81
3.2 Multiple-ComparisOn TESES.......cccovieieeieirere e 98
Least Significant Difference TesSt......ccccvcvvevii e 99
Dunnetts Test for Multiple Comparisons with a Control..............cccc....... 100
Tukey's Studentized RaNge TeSL.......cccovviiiiicececeee e 101
Duncan's Multiple-Range TeSt........ccccovceiiciiecie e 103
Choice of Multiple-Comparison TeStS.......ccccvveiviieriiieneseeee s 105
3.3 Sample Size EStMAtION......cccooiiiiiiiieeceee e 107
Sample Size for Confidence Interval Estimation............cccoceveiieiveveennn, 109
Sample Size for Dichotomous RESPONSES.........ccoeeevreriiriineneerenee s 110
EXBICISES. ...ttt 1]
EXPErMENtAIDESIGN. ... 113
4.1 Simple Comparative EXPEriments........ccocooveireireneneinee s 113
Group-ComparisSON DESIGNS........ccvcerieiriieneneseesee e neas 113
Paired Comparison DESIGNS.......ccouiiiiirerereieiese e eseees 115
4.2 Completely Randomized DeSIgNS........ccccovevieriinenereieereeiese e sieseeseesessessenes 121
4.3 Randomized Complete Block DeSIgNS........ccccovevevicvrivenne e 124
Randomized Complete Block Designs with More Than
One Observation per Experimental Unit.........c..ccccooeviviniiiicise e 128
4.4 Latin SQUAre DESIGNS......cccceiirieiririerieie sttt benesnes 131
Replicating LS DESIGNS.......cciiiiiriiire sttt st 134
Partially Replicated Latin SQUArE.........c.ccooviiiiiiicce e 138
4.5 CroSS-OVElr DESIGNS......cccvieriiieieisesiesestesieseeeee e ste st seesse e esassesreseeseensenens 142
4.6 SPIit PIOt DESIGNS.....ccuiiiiieieiieee ettt ettt enae e 153
BB CISES. .ttt bbbt b et bbbt et 166
IncompleteBlockExperimental DESIGNS...........coivviriiiiieiieieiiineie e 169
5.1 Balanced Incomplete BIOCK DeSIgNS......cccovveveiiivnine e 169
Parameters of Balanced Incomplete Block Designs.........ccoceeevvvvvivvvnenns 170
INtrabloCK ANAIYSIS.......cv e 171
INtErbIOCK ANAIYSIS.......cveece e 177
Combining Intrablock and Interblock Estimates...........ccccocovcevevivivinnnnnnn. 177
5.2 Balanced Incomplete Block Designs Augmented with a Control............ 182
5.3 Doubly Balanced Incomplete BIOCK DeSigns.......c.ccocvvvviveneneiescesiennniennns 187

5.4 Composite Complete-Incomplete Block DeSigns.......ccccccevevvevvicvrivsniennenes 194



Table of Contents

INtrabloCK ANAIYSIS......ccco i e 198
EXBICISES. ..ttt 202
Factorial EXPerimMeNtS...........cooviiiiiiiieic e 205
6.1 The 2n FactorialEXPeriments......cccuiiiiiniiniini e 206
6.2 The 3" FactorialEXPeriments.......ccocoivierieieieine e 216
6.3 The p x g and px g X k Factorial EXperiments.........cc.ccoevevreevriieneeeninnnens 225
6.4 Simple Confounding and Fractional Factorial Experiments.................... 233

Confounding in 2n Factorial EXPeriments..........ccccovoevrennennennesesienennene 234

Fractional Factorial...........cocooeiiiiiiicc e 237
EXEICISES. ..ttt bbbt 244
Response Surface Designs andANalYSIS..............covvviiiiiiiiiiiccecce 247
7.1 General CONCEPLS.....ccoiii ittt bbbt bbb 247

Construction Of ReSponse SUITACES.........c.cuirririenniice s 251
7.2 Fitting of Response Surfaces and Some Design Considerations............ 256
7.3 Illustrations of Fittings of First- and Second-Order Models.................... 263
7.4 COMPOSItE DESIGNS....ccvciiceiecesese e ns 275

Composite Designs from Fractional Factorials...........c..ccccoovviieieiiiininnnns 282

A Vi Replicate OF 24........ooviiiiccce e 282

A Vi Replicate OF 26.......cociiiici e s 283
7.5 Rotatable DeSIgNS.. ... e 286

Composite Rotatable DEeSIgNS.........ccccociriineineneee e 292

Arrangements of Composite Designs in BIOCKS........c..cccccivviviinienincriene, 294
7.6 A Response Surface Analysis Approach for Sensory Data.........cccccccveneeee. 304
EXBICISES. .ttt ettt b ettt b et bbbt b en e 308
Shelf Life TeSting EXPEIIMENTS.........ccivviiiiiiiiiiiieeieice e 311
8.1 Hazard FUNCHION........ccooiiiiiiict e 312
8.2 Shelf Life MOdEIS..........coooiiiiiie e 316

Normal DiStribULION..........cciiiiiiii e 317

Lognormal DistribUtioN..........ccccoviiiiii e 318

Weibull DIStribULION. ..o e 320

Graphical Test for Failure Distributions..........cccccoviniinniniiinienceee 328
8.3 Regression ANAIYSIS.........ccciiiiiiieic e 331

Confidence INTENVAIS. ... 340

Nonlinear RelationShiPS.......ccocvveieiiiieeii i 345
EXBICISES. ..ttt b b 348
Nonparametric Statistical Methods..............cccooooiiiiiiii 351
9.1 Some Methods for Binary Data..........ccccooviriiinieiiieneniese e 351

Tests for Independent Proportions.........c.ccceeveeveennecinseneee s 351

iX



X

10

Table of Contents
Tests for Dependent Proportions...........ccccvvveveneneneeieie e e e 359
Combining 2><2 Contingency Tables..........cccceoveviiniviiii i, 364
Measure of Association for 2 X 2 TablesS........cccoevviininiiinenccneees 369
9.2 Some Methods Based 0N RaNKS..........cccooviiiiiiininirece e 370
Rank Tests for Single and Paired Samples........c..ccovviivieicincinsiniecenn, 371
Rank Tests for Two Independent Samples..........cccooeviiiiencinenscnene, 378
Rank Tests for Multiple Independent Samples..........ccocevvvevviiiecniieniennn, 389
Rank Tests for Multiple Related Samples..........cccovvreniiniiinceniineneens 395
Measures of Association for Ranking Data...........cccceceveviecinie e, 404
9.3 Some Methods for Categorical Data...........ccccoevriererernenrnneseeens 414
Contingency Tables and Chi-square StatiStiCs...........cccocvevevviiviiiesiieneines 414
G00dNESS OF Fit TESES.....cviiieeiiieirirre e
Analysis of r x ¢ Contingency Tables.........ccoiiiiii, 422
Measures of Association for r x ¢ Contingency Tables..........cccceevveennne 430
Analysis of Square (r x r) Contingency Tables...........ccoovrininiininnnn, 433
9.4 Multidimensional Contingency Tables..........cccooiiniiiniiniinence, 438
INTFOAUCTION. ..ot e 439
SIMPSON'S PAradOX.....c.ccoviiieiiiiirieicie et 439
Tests for INAEPENUENCE........cccovvieeeeeece e 442
Numerical Example for Tests for Independence...........c.ccoceovvniniiinennnn 443
EXICISES. ...ttt bbb et b
Sensory Difference and Similarity TeStS..........cccooviiiiiiiiiii, 455
10.1 Sensory Difference TeSIS....cviiiciersici e e
THIANGIE T STttt e
DUO-TTIO TESL..iiiiiiiiieieieeeeeeeeteeeebe et 471
Pair Difference TSt (2-AFC)....uuiicieiiieriere et o
Three-Alternative Forced-Choice Test (3-AFC)...cccoooviiivienninenereeene 477
A—NOL A TESL..o s 478
SamMe-DIfferent TESL ..o s
Comparisons of Difference Test DeSignS.......ccccvvovvivrerieriereeeeinsnneseneenens 485
10.2 Sensory Similarity (Equivalence) Tests.......cccocerrieneienninneiinene e 496
INEFOAUCTION. ...t e e 496
Similarity Tests Using Forced-Choice Methods...........ccccoevviviviienennnne. 497
Similarity Tests Using the Paired Comparison Method........................ 498
Similarity Tests Using A-Not A and Same-Different Methods.............. 501
Similarity Tests for Continuous Data............ccceveeveiinnieiinee e 503
Similarity Tests for Correlated Data...........ccocovereveniiniinnncece e 506
Hypothesis Test and Confidence Interval for Similarity
EValUALION. ..o 52q
10.3 Replicated Difference and Similarity TeStS......... vovvveriervieniiinenie e 514
INEFOAUCTION. ...t 524

The Beta-Binomial (BB) Model...........ccooooiiiiinnicicecee 525



Table of Contents

Tests Based on the BB MOdEl.........cccvecviiiiiiiiiiceeece e 522
The Correaed Beta-Binomial (CBB) Model...........cccoccoiiiiiiiiiiicicee, 532
Tests Based on the CBB MOdEL.........ccocoveeiiiiiiiiiiceccecee e 536
The Dirichlet-Multinomial (DM) Model..........c..cccovieviiiiieiiininierees 540
Tests Based on the DM MOAEL........cooooviiiiiiiici e 545
G (O] 1< T SRR 552

11 The Method of Paired Comparisons in SensoryTests and Thurstonian Scaling . . 559

12

11.1 Paired CompariSON DESIGNS......ccccviireriiieieeeesese e seeseeseeseeesse e seeseeseees 559
Completely Balanced Paired Comparison Designs..........cccceevvvrervenennn. 559
Incomplete Balanced Paired Comparison Designs........c.cccccevveiereerienene. 564

11.2 Paired Comparison MOdEIS........cccccoieeieiiiniiiseseeeee e 571
The Scheffe MOdEL.........oooveie e 571
The Bradley—Terry Model............ccooiiiiicicicn s 582
The Thurstone—Mosteller Model...........c.cccoovoiiiiiiiiciic e, 596
Choice OF MOAEIS.......ceei et 605

11.3 Thurstonian Discriminai Distance d............cccccoiiiviiiiciie e 607
INTrOAUCTION. ..o 607
EStimation OF ... s 609
VarianCe Of ... ... 614
Tables and S-PLUS Codes for d and Variance of d'...........c.cccece e 620
Confidence Intervals and Tests for ... 621

11.4 Area Under ROC Curve and R-INAEX.........cccvvvvrirererninnsie e e senieeenens 624
INEFOAUCTION.......oiiiicicce et ere s 624
Estimating R-Index and Its VarianCe...........ccocecvrvenneineninenne e 625
Difference Testing Using R-INAeX ..o 627
Similarity Testing UsiNg R-INEX........ccccccovvviiviienineieeeeee e 629
Linking R-Index With @ ........cccoiiiiiii s 630
Same-Different Area ThEOIEM........cccoviieiiieii e 632

D CT (o 1TSS 635

Descriptive Analysis and Perceptual Mapping...........cccooovvviiiiiiniiiiiiineineen 641

12.1 Descriptive ANalYSIS......ccocoiiiiriiireie e 641

12.2 CONSUIMEE TESES....ccitii ittt ettt e it e re e etee s e be e e sbe e enabe s enbbeesanneens 642
IN-HOUSE CONSUMET TEST.....oiiiiiie ettt 642
Home-Use CONSUMET TESL.......coiiiiiiiiire et 643
Central Location CoNSUMET TESL.......cceiiieireiririe e 644

12.3 Hedonic and Intensity Rating SCales.........c..ccoovivvvrienenciiein e 644
Just-About-Right Rating Scale...........cccccvvvviiiieicecs e 645
Signal-to-NOISE RaAtiO........ccoiiiirie e 646
QUESEIONNAITE DESIGN.....eiiiiiiiciiiriee s 653

12.4 Perceptual Mapping.......ccoooiiiiiiieiieieisisise e se e 659

FACLOr ANAIYSIS.....cuiieiiiieiiei et 660

Xi



Xii Table of Contents

Principal Component ANAIYSIS........ccocuviviereieieinnesesese e 674

12.5 Preference Mapping.....cccocoveieciiieiiiieieiese et 679
(=] (o =TSSR 685

13 Sensory Evaluation in Cosmetic STUAIES...........ccccoiviviiiiiiiiiiiiicccce 687
13.1 EXperimental DESIGNS.......cccoveiririiiienirie et 687
Clinical StudY Data.........ccccovvvviiiirriiieeee e 688
Self-Controlled DESIgN.......ccoviiiiccceee e s 691

Parallel DeSION......cooiiieiieeee et et 698
CrOSS-OVEN DESIQN...cuiiiiiieeiiiteiiesieieeree ettt see e e e e seese e esnesaesaesaenee e 701

13.2 Regression ANAIYSIS.......ccciiveieiiiiisieiise s te et nens 706
Polynomial REeGIeSSION........ccciviiiieiiieieeie e se e ene s 706
NONINEAr REGIESSION. ....c.ccvirieeeiiiieiiiie ittt 710

Fit of Nonlinear Regression Model...........ccocvovieiiiieeinssee e 718
EXBICISES. ...ttt b bbb b e e bbbt e ae e 719

AN o o 1=] (o | SO 721
RETEIENCES. ...ttt bbbt b ettt b bbb et b 79
Lo = OSSPSR 845



