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(A1, A2, A3) system, 325
A-criterion, 592
Cp criterion, 424
Cp statistic, 27
D-criterion, 590, 592, 606
D-optimal criterion, 223
D-optimal design 590
D-optimality 590
Ds efficiency, 375
Ds-optimal criterion, 225
F distribution, 18
F test, 18, 24, 25, 48, 65, 68, 90, 94, 100, 107,

110, 123
G-criterion, 592
I-criterion, 592, 606
L2 calibration, 635
IV criterion, 592
p value, 16, 18
t distribution, 16
t test, 16, 24, 90
𝜒

2 distribution, 431

Adding columns technique, 381
Adjusted p value, 96
Adjusted treatment sum of squares, 115
Adjustment factor, 179, 513
Akaike information criterion (AIC), 27
Alias matrix, 419
Aliased effects, 207, 275
Analysis of covariance, 126
Analysis of variance (ANOVA), 17, 23, 47, 91,

94, 101, 107, 110, 113, 116, 123
F statistic, 90, 107, 110
F test, 48, 110
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between-treatment sum of squares, 48
extra sum of squares principle, 25, 128
mean square error, 16, 24
multi-way layout, 105
one-way layout, 45
regression sum of squares, 17, 23
residual sum of squares, 15, 61
three-way layout, 105
treatment of factorial effects, 168
two-way layout, 93
within-treatment sum of squares, 48

Antagonistic plot, 162
Approximate design, 591
Asymptotic design, 591
Axial point, 456, 478

Balance, 156, 438
Balanced incomplete block design, 113
Balanced randomization, 10
Bartlett’s test, 185
Baseline constraints, 52, 89, 93
Bayesian approach, 564, 569
Bayesian design, 594
Bayesian information criterion (BIC), 27
Bayesian variable selection, 342, 429, 440, 449,

450
Binomial distribution, 556
Black-box functions, 631
Black-box optimization, 634
Block defining contrast subgroup, 191, 236, 299
Blocking, 8, 188, 507

non-orthogonal, 201
orthogonal, 484

Blocking scheme, 192, 236
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Box-Behnken design, 484, 500
Box-whisker plot, 74

Calibration Parameters, 635
Canonical analysis, 470
Cause-and-effect diagram, 5
Center point, 456, 478, 483
Central composite design, 455, 478, 498
Chi-squared (𝜒2) distribution, 431
Clear effect, 208, 237, 275, 300, 325, 527
CME analysis, 230
Cochran’s Theorem, 65
Coded variable, 457
Collapsing factors, 384
Complex aliasing, 342, 420, 422, 429
Complexity factor method, 539
Composite Gaussian process, 634
Compound noise factor, 533
Conditional main effect, 160, 227
Conference matrix, 341
Confidence interval, 17
Confirmation experiment, 8
Confounded effects, 189, 299
Continuous design, 590
Constrained optimization, 476
Contour plot, 476
Contrast, 52

cubic, 324
linear, 57, 324
quadratic, 57, 324

Control array, 512
Control chart, 507
Control factor method, 539
Control-by-noise interaction, 528, 529
Control-by-noise interaction plot, 510, 518
Coordinate exchange algorithm, 596, 597, 607
Corner point, 456, 478
Covariate, 11, 20, 126, 507
Criterion

A, 592
AIC, 27
BIC, 27
Cp, 424
D, 590, 592, 606
D-optimal, 223
Ds-optimal, 225
G, 592
I, 592, 606
IV, 592
maximum resolution, 210, 246, 276
minimum aberration, 192, 212, 276, 299, 321
number of clear effects, 233, 238, 301
rotatability, 482

Cross array, 512, 527
Cross-validation, 628
Cube point, 456, 478
Cubic correlation, 624
Curvature check, 461
CV estimators, 629

Defining contrast subgroup, 209, 276, 321
Defining relation, 207, 321

type 0, 322
type 1, 322
type 2, 322

Definitive screening design, 341, 360, 449, 450
Defining words, 209
Degradation, 509
Design construction

adding columns technique, 381
collapsing factors, 384
idle column technique, 393
method of replacement, 319, 340, 382

Designs
2k, 151
2k with blocking, 188, 201
2m41, 361
2m42, 362
2m4n, 321
2k−p, 209, 232, 252
2k−p with blocking, 258
3k−p, 273, 275, 309
3k−p with blocking, 310
3k, 268
rk−p, 337, 340
25-run fractional factorial, 337
49-run fractional factorial, 340
balanced incomplete block, 113
Box-Behnken, 483, 500
central composite, 455, 478, 498
definitive screening, 341, 360, 449, 450
equivalent, 375
first-order, 458, 461
fold-over, 219
Graeco-Latin square, 112, 147
Hall’s, 373, 397
Hyper-Graeco-Latin square, 147
isomorphic, 375, 480
Latin square, 108, 147
minimum aberration, 233, 322, 323, 529
mixed two-level and three-level, 332
mixed-level orthogonal arrays, 319, 377, 379,

399
nonregular, 369, 372
orthogonal, 156
paired comparison, 85
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Plackett-Burman, 374, 394, 417, 480
randomized block, 88
regular, 369, 372
screening, 420, 438
second-order, 459, 461
small composite, 481
spherical, 482
split-plot, 118
supersaturated, 437
uniform shell, 485, 501
unpaired, 86

Desirability function, 476
Deviance, 560
Difference matrix, 379
Directional data, 581
Dispersion, 158, 181, 580
Dispersion factor, 513
Distribution

F, 18
t, 16
binomial, 556
chi-squared (𝜒2), 431
inverse gamma, 430
inverse Gaussian, 556
multivariate normal, 451, 452
non-central chi-squared, 64
normal, 12, 21, 556
ordered multivariate normal, 569
Poisson, 555
studentized maximum modulus, 186
studentized range, 55

Effect heredity principle, 169, 288, 422
Effect hierarchy principle, 168, 187, 188,

190-192, 194, 207, 210, 212, 214, 217, 274,
421, 527, 529

Effect ordering principle in parameter design, 530
Effect sparsity principle, 169, 421, 422
Effects

aliased, 207, 274
clear, 208, 233, 275, 300, 325, 527
conditional main, 160
confounded, 189, 299
eligible, 527
estimable, 527
factorial, 164
interaction, 159, 161
linear, 282
linear-by-linear, 285
linear-by-quadratic, 285
main, 158
partially aliased, 376, 419
quadratic, 282

quadratic-by-linear, 285
quadratic-by-quadratic, 285
strongly clear, 208, 237, 275, 301, 325

Eligible effect, 527
Elliptic system, 470
Emulator, 627
Estimability problem, 569
Estimable effect, 527
Estimation capacity, 529, 531
Exact design, 590, 606
Expected Fisher Information Matrix (Information

Matrix), 592, 593, 608
Experimental unit, 8
Experimentwise error rate (EER), 176
Extra sum of squares principle, 25, 27, 128
Exploration-exploitation trade-off, 632
Expected Improvement criterion, 632

Face center cube, 481
Factor, 5

adjustment, 179, 513
compound noise, 533
dispersion, 513
hard-to-change, 5, 155, 379
hard-to-set, 6, 437
load, 508
location, 513
noise, 508
orthogonal, 156
qualitative, 6, 95, 268
quantitative, 6, 56, 268
random, 98
subplot, 118
whole plot, 118

Factorial designs, 151
2k, 151
2k with blocking, 201
3k, 268

Factorial effects, 164
Failure amplification method, 539
Falling ridge system, 472
Family, 229
Fiducial inference, 103
First-order design, 458, 462
First-order model, 458
Flow chart, 5
Fold-over design, 219
Fold-over technique, 218
Follow-up experiment, 8, 219, 278

D-criterion, 600
D-optimal design, 223
Ds-optimal design, 225
fold-over technique, 219
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Follow-up experiment (contd.)
optimal design, 222

Fractional factorial designs, 205
2m41, 361
2m42, 362
2m4n, 321
2k−p, 209, 232, 252
2k−p with blocking, 258
3k−p, 273, 275, 309
3k−p with blocking, 310
rk−p, 337, 340
25-run, 337, 364
49-run, 340, 364

Fully Bayesian criterion, 594, 607

Galois field, 340
Gauge repeatability and reproducibility, 98
Gaussian correlation, 624
Gaussian process, 622
Gaussian process for quantitative and qualitative

factors, 634
General Equivalence Theorem (GET), 591, 607
Generalized inference, 102, 103
Generalized Kronecker sum, 380
Generalized linear models (GLMs), 554, 559

binary regression, 557
binomial distribution, 556
deviance, 560
deviance residuals, 561
dispersion parameter, 555
extended quasi-likelihood, 567
gamma regression, 557
inverse Gaussian distribution, 556
inverse Gaussian regression, 557
link function, 557
logistic regression, 557
loglinear model, 557
maximum likelihood estimation, 558
mean deviance, 561
normal distribution, 556
one-parameter exponential family, 555
optimal design, 593, 594, 605
over-dispersion, 561
Poisson distribution, 555
Poisson regression, 557
probit regression, 557
quasi-likelihood, 562
variance function, 556

Geometric projection, 376
Gibbs sampling, 432, 452, 570
Graeco-Latin square, 147
Graeco-Latin square design, 112

Hadamard matrix, 373
Hadamard number, 374
Half-normal plot, 173, 185, 194
Hall’s designs, 376, 397
Hard-to-change factor, 154, 378
Hard-to-set factor, 437
Heredity

relaxed weak, 432
strict weak, 432
strong, 432

Hidden projection, 376, 378, 391
Hyper-Graeco-Latin square, 113, 147,

338
Hyperbolic system, 470

Idle column technique, 393
Imbalance, 383
Individual error rate (IER), 176
Inner-outer array, 512
Interaction, 93, 159, 163, 270

block-by-treatment, 190
control-by-noise, 527, 529
linear-by-linear, 285
linear-by-quadratic, 285
quadratic-by-linear, 285
quadratic-by-quadratic, 285

Interaction effect, 228
Interaction graph, 234
Interaction plot, 161
Interpolation property, 627
Inverse gamma distribution, 430
Inverse Gaussian distribution, 556

Kennedy-O’Hagan models, 635
Kriging, 622
Kriging predictor, 626, 627
Kronecker sum, 380

Larger-the-better problem, 267, 477, 514
Latent variable, 570
Latin hypercube designs, 613
Latin square, 147, 338
Latin square design, 108, 147
Least squares estimator, 12, 22
Lenth’s method, 176, 181, 187
Level, 5
Likelihood ratio test, 560, 569
Limit kriging, 639
Linear effect, 282
Linear-quadratic system, 286
Link function, 557
Load factor, 508
Local D-optimal design, 594
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Location, 158, 181
Location and dispersion modeling, 513
Location factor, 513
Lurking variable, 154

Matèrn correlation, 624
Main effect, 158
Main effects plot, 159
Main plot, 118
Markov Chain Monte Carlo, 432
Maximin distance designs, 619
Maximin Latin hypercube designs, 619
Maximum likelihood estimate (MLE), 559, 569
Maximum likelihood estimation, 627
Maximum projection designs, 620
Maximum resolution criterion, 210, 246, 276
MaxPro designs, 621
Mean, 179
Mean square error, 16, 24
Measurement system, 98
Measurement system capability study, 98
Method of replacement, 319, 340, 382
Mid-rank scores, 575
Minimum aberration blocking scheme, 192
Minimum aberration criterion, 212, 276, 299, 321
Minimum aberration designs, 212, 232, 322, 529
Minimum MSPE predictor, 626
Mixed effects model, 121
Mixed-level orthogonal arrays, 319, 377, 379,

399
Model matrix, 21, 155
Modified Federov Algorithm, 595
Multi-fidelity simulations and models, 634
Multi-way layout, 105
Multiple comparisons, 52, 90

Bonferroni method, 53, 91
step-down, 334
Tukey method, 55, 91, 111, 117

Multiple correlation coefficient, 23
Multiple responses, 292, 475
Multivariate normal distribution, 451, 452

Nearly orthogonal arrays, 377
Nested effects modeling, 346
Noise array, 512
Noise factor, 508
Nominal setting, 268
Nominal-the-best problem, 178, 476, 513
Noncentrality parameter, 64
Nonlinear regression model 593, 605

Optimal design 593, 605
Nonregular designs, 369, 372
Normal distribution, 12, 21, 556

Normal probability plot, 75, 172
Nugget, 629

One-factor-at-a-time approach, 169
One-factor-at-a-time plan, 171
One-way components of variance model, 68
One-way layout, 45
One-way random effects model, 68
Operating window method, 539
Operating window signal-to-noise ratio, 539
Optimal design algorithm, 226, 595-597, 607
Order of estimability, 192
Ordered categorical data, 567
Ordered multivariate normal distribution, 569
Ordinal data, 567, 568

estimability problem, 569
scoring method, 575

Ordinary kriging, 623, 630
Orthogonal arrays, 319, 373

asymmetrical, 319
mixed-level, 319, 373, 379, 399
symmetrical, 319

Orthogonal array-based Latin hypercube designs,
618

Orthogonal columns, 318
Orthogonal components system, 265
Orthogonal designs, 156
Orthogonal factors, 156
Orthogonal Latin squares, 112
Orthogonal main-effect plans, 385
Orthogonal polynomials, 59, 60
Orthogonality, 156
Out-of-spec probability, 292
Over-dispersion, 561
Overall curvature, 461
Overall desirability function, 478
Overall out-of-spec probability, 296
Overfitting, 61

Paired t test, 87
Paired comparison design, 85
Parent effect, 228
Parameter design, 503, 511, 567
Pareto principle, 169
Partial F statistic, 27
Partially aliased effects, 376, 419
Performance measure independent of adjustment,

535
Plackett-Burman designs, 374, 394, 417, 480
Planning matrix, 153
Plot

A-against-B, 161
antagonistic, 162
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Plot (contd.)
box-whisker, 74
contour, 476
control-by-noise interaction, 510, 518
half-normal, 174, 185, 194
interaction, 161
main effects, 159
normal probability, 75, 172
residual, 72, 73
scaled lambda, 132
synergistic, 162

Poisson distribution, 555
Point exchange algorithm, 595-597, 607
Power exponential correlation, 624
Prediction interval, 20
Principle

effect heredity, 169, 288, 422
effect hierarchy, 168, 187, 188, 190-192, 194,

207, 210, 212, 214, 217, 274, 421, 527, 529
effect ordering, 530
effect sparsity, 169, 421, 422
extra sum of squares, 25, 27, 128
of parsimony, 26
Pareto, 169

Projective property, 211
Proportional frequencies, 384
Pseudo-Bayesian criterion, 594, 606

Quadratic effect, 282
Quadratic loss function, 178
Qualitative factor, 7, 95, 270
Quantitative factor, 7, 57, 268

Random factor, 98
Randomization, 8, 235
Randomized block design, 88
Rectangular grid search, 466, 467
Reference distribution, 173
Regression analysis, 26, 165
Regression sum of squares, 17, 23
Regular designs, 369, 372
Related factors, 343

asymmetrical, 352
symmetrical, 352

Relative efficiency, 386
Repeatability, 103
Repetitions, 8
Replicated experiment, 157
Replicates, 8
Replication, 8
Reproducibility, 103, 158, 161
Residual plots, 72, 73
Residual sum of squares, 15, 61, 560

Residuals, 21, 71
Resolution, 210, 276, 322
Resolution III*, 480
Response, 4
Response modeling, 518, 525
Response optimization, 459
Response surface exploration, 3
Response surface methodology, 455, 458

axial point, 456, 478
Box-Behnken design, 484
canonical analysis, 470
center point, 456, 478, 483
central composite design, 455, 478
corner point, 456, 478
cube point, 456, 478
curvature check, 461
elliptic system, 470
face center cube, 481
factorial portion, 478
falling ridge system, 472
first-order design, 458, 462
hyperbolic system, 470
line maximum, 471
near rotatability, 483
orthogonal blocking, 484
rectangular grid search, 466, 467
response optimization, 459
response surface mapping, 460
rising ridge system, 472
rotatability criterion, 482
saddle point, 470
second-order design, 459, 462
sequential experiment, 479
small composite design, 481
spherical design, 482
star point, 456, 478, 482
stationary point, 469
stationary ridge system, 471
steepest ascent search, 461
uniform shell design, 485

Response surface modeling, 349
Restricted randomization, 155
Rising ridge system, 472
Robust design, 503, 510
Robust estimator, 176
Robust parameter design (parameter design),

503, 510
adjustment factor, 513
complexity factor method, 539
compound noise factor, 533
control array, 512
control factor method, 539
control main effect, 530
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control-by-noise interaction, 528, 530
control-by-noise interaction plot, 510, 518
cross array, 512, 526
dispersion factor, 513
dual response modeling, 538
effect ordering principle, 530
failure amplification method, 539
for general loss functions, 538
inner-outer array, 512
integrated design, 539
internal noise, 508
location and dispersion modeling, 513
location factor, 513
noise array, 513
noise factor, 508
noise main effect, 530
nonlinearity, 511
operating window method, 539
performance measure independent of

adjustment, 535
response modeling, 518, 525
robust setting, 518
shrinkage factor, 550
signal-to-noise (SN) ratio, 534
single array, 524
tolerance design, 511, 539
transmitted variance model, 518, 523
two-stage design, 539
two-step procedure, 513, 518, 534, 550

Rotatability criterion, 482
Run, 153
Run order, 154
Run size, 153
Run size economy, 371

Saddle point, 470
Sample size determination, 66
Sampling inspection, 506
Scale parameters, 625
Scoring method, 575
Screening design, 420, 438
Screening experiment, 458
Second-order design, 459, 462
Second-order model, 459, 469
Sensitivity analysis, 636
Sensitivity index, 636
Sequential experiment, 479
Shannon information gain, 594
Siblings, 229
Signal-to-noise (SN) ratio, 534

operating windows, 539
Simple linear regression, 11
Simple kriging, 639

Simulator, 627
Simultaneous confidence intervals, 55, 56, 91,

110, 117
Simultaneous testing, 168
Single array, 524
Sliding levels, 343
Small composite design, 480
Smaller-the-better problem, 267, 477, 513
SN ratio, 534
Space-filling property, 616, 619
Spatial variation, 509
Specification limit(s), 292, 297, 476

lower, 293
upper, 293

Spherical design, 482
Split plot, 118
Split-plot design, 118
Split-unit experiment, 119, 538
Star point, 456, 478, 481
Stationary point, 469
Stationary ridge system, 471
Steepest ascent search, 461
Steepest descent, 462
Strongly clear effect, 208, 237, 275, 301, 325
Studentized maximum modulus distribution, 186
Studentized maximum modulus test, 186, 213
Studentized range distribution, 55
Subplot, 118
Subplot error, 121
Subplot factor, 118
Supersaturated design, 437
Surrogate variable, 509
Synergistic plot, 162
System optimization, 4
System robustness, 4

Tables
2k designs with blocking, 201
2m41 designs, 361
2m42 designs, 362
2k−p designs, 252
2k−p designs with blocking, 258
3k−p designs, 309
3k−p designs with blocking, 310
F, 669
t, 665
𝜒

2, 667
25-run fractional factorial, 364
49-run fractional factorial, 364
Box-Behnken designs, 500
central composite designs, 498
conference matrices 366, 367
difference matrices, 411
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Tables (contd.)
Graeco-Latin squares, 147
Hall’s designs, 397
Hyper-Graeco-Latin squares, 147
confernce matrices, 366–367
Latin squares, 147
Lenth’s method critical values, 701
mixed-level orthogonal arrays, 405
normal, 663
orthogonal polynomials, 683
Plackett-Burman designs, 394
studentized maximum modulus, 685
studentized range, 677
uniform shell designs, 501

Test, 184
F, 18, 24, 25, 48, 63, 68, 90, 94, 100, 107, 110,

123
t, 16, 24, 90
Bartlett’s, 185
likelihood ratio, 560, 569 (This bit needs

doublecheck.)
of overall curvature, 461
of variance homogeneity, 184
paired t, 87
studentized maximum modulus, 186, 213
two-sample t, 53, 87
unpaired t, 87

Three-way layout, 105
Tolerance design, 511, 539
Trade-off strategy, 297
Traditional effect, 228
Transformable non-additivity, 147
Transformation, 130, 536, 558

log, 134, 180
power, 130
reciprocal, 131
reciprocal square root, 134
square root, 131
variance stabilizing, 131, 181

Transmitted variance model, 518, 521

Treatment, 5, 153
Treatment comparison, 3
Treatment defining contrast subgroup, 236, 299
Treatment of factorial effects, 167
Treatment sum of squares, 61
Treed Gaussian process, 634
Twins, 229
Two-sample t test, 53, 87
Two-step procedure, 179, 215, 267, 513, 518,

534, 550
Two-way layout, 93
Two-way random effects model, 100
Two-way variance components model, 100

Uncertainty quantification, 626
Uniform shell design, 485, 501
Unit-to-unit variation, 509
Universal kriging, 623, 630
Unpaired t test, 87
Unpaired design, 86
Unreplicated experiment, 157

Variable screening, 3
Variable selection, 26, 289, 335

backward elimination, 28
Bayesian, 342, 429, 440, 449, 450
best subset regression, 26
forward selection, 28
principle of parsimony, 26
stepwise selection, 28

Variance, 179
Variance components, 68, 100

Whole plot, 118
Whole plot error, 121
Whole plot factor, 118
Wordlength, 209
Wordlength pattern, 210, 322

Zero-sum constraints, 50, 89, 93, 106
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