Contents

Preface . ... XV
PartI Preliminaries
1. AN OVERVIEW OF EMPIRICAL PROCESS OPTIMIZATION .... 3
1.1 Introduction .............ccoiieiiiiiiiiniiiiiiiiinie... 3
1.2 Brief Historical Account of Some Process Optimization
Methods for Noisy Processes ................oooiiiia.. 7
1.3 Some Basic Ideas in Response Surface Methods ............. 11
1.3.1 StepsinaClassicAl RSM Study ..................... 16
1.4 Statistical Inference in Process Optimization: Frequentist
and Bayesian Methods ............. ... o i 21
1.5 Some Basic Ideas in Experimental Design .................. 23
PartII Elements of Response Surface Methods
2. OPTIMIZATION OF FIRST ORDER MODELS ................... 29
2.1 New Region Exploration .............. ..., 30
2.2 Steepest Ascent/Descent Procedure ........................ 31
23 Problems .........iii e 39
3. EXPERIMENTAL DESIGNS FOR FIRST ORDER MODELS...... 45
3.1  Variance Properties of 2-level Factorial Designs
for a First Order Model .......... ... ... i, 46
3.2 Useful 2-level First Order Designs ......................... 49
32,1 2K Designs .........iiii 49
3.3  2F" Designs. Resolution of a Fractional Factorial.
Construction of 277 Designs . ...........ooeeeiuueeeeenn... 54

3.3.1 Group Theory Aspects of 2¥ and 2~ Factorials** ... 60

vii



viii

Contents
3.3.2 Folding Over Resolution III Designs ................ 62
3.3.3  Projection Properties of 2*~" Designs ............... 65
3.4  Plackett-Burman Designs and Other Screening Designs ...... 66
3.5 Randomization and Blocking .............................. 69
3.6  Designs for Models with Main Effects and 2-Factor
INteractions ... .......ooiiii e 71
3.7  Bias Properties of First Order Designs ...................... 71
3.8 Adding Center Points to a 2k (or 2k—1) Design .............. 74
3.9  Adaptive Two Level, One-factor-at-a-time
Experimentation®* .......... ... .. 76
3.10 Problems ... 81
ANALYSIS AND OPTIMIZATION OF SECOND ORDER
MODELS . .. e 85
4.1  Unconstrained Optimization and Characterization
of Second Order Models: “Canonical” Analysis ............. 86
4.1.1 Using SASPROCRSREG ............... ... ... 92
4.2 Constrained Optimization and Analysis
of Second Order Models: “Ridge” Analysis ................. 93
4.3  Optimization of Multiple Response Processes ............... 97
4.3.1 Desirability Approach ......................... ... 99
4.4  Nonlinear Programming Approaches ....................... 104
4.5  Problems . ... 106
EXPERIMENTAL DESIGNS FOR SECOND ORDER
MODKELS . .. e 109
5.1 Rotatable Designs ............cooiiiiiiiiiiiriiiie... 110
5.2 Central Composite Designs .............ccovviiiiiininn.... 118
5.3  Blocking in Second Order Models ......................... 122
5.4 Box-Behnken Designs .................ooi it 125
5.5 Roquemore’s (Hybrid) Designs ................ccooeven.... 129
5.6 Variance Dispersion Graphs ..................... ... .. 132
5.7 Dand G-Optimal Designs ...............ccoiiiiiiiia.. 137
5.7.1 D-Optimal Design Algorithms ...................... 139
572 D-Efficiency ..........coiiiiiiiiii 141
5.7.3 D-Optimal Designs for First Order Models ........... 142
5.7.4 Design Augmentation ...............cceeeiinnnnne... 142
5.7.5 G-Optimality and G-Efficiency ..................... 143
5.7.6 Efficiencies of Classical Second Order
Designs ...t 144
5.7.7 Kiefer-Wolfowitz Theorem ......................... 145

5.7.8 Good Practice when using D-Optimal Designs:
Degrees of Freedom and Variance Inflation Factors ... 146



Contents ix
5.8 Mixture Experiments ................c.ciiiiiiiiiiia, 147
5.8.1 Simplex Designs and Associated Polynomial
ModelS . ..o 148
59 Problems ... 152
Part III  Statistical Inference in Process Optimization
6. STATISTICAL INFERENCE IN FIRST ORDER RSM
OPTIMIZATION . ..o e 159
6.1  Stopping Rules for Steepest Ascent ........................ 160
6.1.1 Myers and Khuri StoppingRule .................... 161
6.1.2 Recursive Parabolic Stopping Rules ................. 164
6.1.3 Summary of Computations, ERPR Method ........... 179
6.2  Confidence Cone for the Direction of Steepest
ASCent/DESCENt . ...ttt e 180
6.3  Setting the Step Size and the Direction Simultaneously
for New Region Exploration®* ............................ 185
6.4  Avoiding Extrapolation in Steepest Ascent Searches** ....... 190
6.5 Problems ...... ... 191
7. STATISTICAL INFERENCE IN SECOND ORDER RSM
OPTIMIZATION . . ..o e 193
7.1  Confidence Intervals on the Eigenvalues of the Matrix
of Quadratic Parameter Estimates .......................... 193
7.2 Confidence Region on the Location of a Stationary Point .. ... 196
7.3  Confidence Regions for the Constrained Maximum
or Minimum of a Response Function®* .................. ... 202
T4 Problems ... 207
8. BIASVS.VARIANCE. ... e 209
8.1  The Applied Statistics Argument ................cceeeunnnn. 210
8.2  The Case of a First Order Model (d; = 1) and Second
Order True Process (do = 2)** .. ... .. ... .. 212
8.3  The Optimal Design Argument ..................ccc.ov.... 216
8.4  ConcluSIiONS . ..ottt e 217
85 Problems ............ e 219
Part IV Robust Parameter Design and Robust Optimization
9. ROBUST PARAMETERDESIGN ..., 223
9.1 Optimization Approaches Suggested by Taguchi ............. 225
9.2 Control x Noise Interaction Effects ........................ 228
9.3  Experimental Designs UsedinRPD ........................ 230



X Contents
9.4  Split Plot Designs and Robust Parameter Design ............. 234
9.4.1 Split-plot Designs with 2 Factors .................... 236
9.4.2  Split-plot Designs in 2-level Factorials and their
useinRPD ... .. 240
9.4.3  Split Plot Model Estimation ........................ 244
9.5 Mean and Variance Estimation: A Dual Response Approach
to RPD** 246
9.6  Robustness with respect to Noise Factors and Parameter
UNCEItainty ... ...vveett ettt 253
9.7  The Noise Factor Separation Criterion
for Experimental Designs Used in Robust
Parameter Design .......... ... 258
9.8  Multiple Response Robust Parameter Design** .............. 263
9.8.1 Estimation of the Mean and Variance Models,
Multiple Response Case ............c.coviiiea.n.. 268
9.8.2  Solving the Multiple Response Robust
Parameter Design Problem ......................... 269
9.8.3 Loss Function Approach to Multiresponse
Robust Parameter Design .......................... 275
9.9  Problems ... 277
10. ROBUST OPTIMIZATION®*. ... it 279
10.1  Introduction ...........c..eeiiiiiiiii i 279
10.2 Minimax Deviation Method ................. ... .. ... ..., 280
10.2.1 Relation with Confidence Regions
on the Optimal Settings ............................ 282
10.3 Relation with Stochastic Programming Methods in RSM ... .. 284
10.4 Computer Implementation of the Minimax Deviation
Method . ..ot 285
10.5 Problems .........oiiiiiiii 287

Part V Bayesian Approaches in Process Optimization

11. INTRODUCTION TO BAYESIAN INFERENCE . ................. 291
11.1 Introduction ..............eeiiinieiniie e, 291
11.2 Basics of Bayesian Inference .............................. 292

11.2.1 Notation ...ttt e e 292
11.2.2 Goals of Bayesian Inference ........................ 292
11.3 Bayes’ Theorem for Events ...................c..cooiiia.t. 293
11.4 Bayes’ Theorem for Densities .................c.ccovvuvn.... 294
11.5 PredictiviSm . .....coueiii e 297
11.6 Simulation of Posterior Quantities ......................... 297

11.6.1 How to Simulate the Posterior Predictive Density .. ... 299



Contents

11.7 Choice of Prior Distribution ...................cciiiii...
11.7.1 Non-informative Priors .............. ... .. ... ....
11.7.2 Derivation of Invariant Non-informative Priors** .. ...
11.7.3 Jeffreys’ Non-informative Priors** ..................
11.7.4 Other Approaches to Setting Non-informative

Priors . ...

11.8 Inferences on Normally Distributed Data
(Known Variance) .............uuiiiiiiinneiiiineennnnn.
11.8.1 Analysis with a Conjugate Prior ....................
11.8.2 Analysis with a Non-informative Prior ...............

11.9 Inferences on Normally Distributed Data,

Both Parameters Unknown .............. . ... ...,

11.10 Problems ...t e

12. BAYESIAN METHODS FOR PROCESS OPTIMIZATION. ........

12.1 Bayesian Linear Regression and Process Optimization .......
12.1.1 Analysis with a Non-informative Prior ...............
12.1.2 Analysis with a Conjugate Prior ....................

12.2 A Stopping Rule for Process Optimization
Based on the Conjugate Prior Regression Model .............

12.3 Bayesian Multivariate Regression and its Use in Process
Optimization and Robust Parameter Design .................
12.3.1 Advantages of the Bayesian Predictive Approach .....
12.3.2 Inability of the Frequentist Approach to Provide
a Probability of Conformance .......................

12.4 A Bayesian Approach to Robust Parameter Design ..........
12.5 A Connection with Process Control** ......................

12.6  Model-Robust Process Optimization™* .....................
12.6.1 Selection of the Hyperparameters and Family
of Models ........ ... i

12.7 Model-Robust Optimization with Noise Factors .............
12.8 Bayesian Optimization with Mixture Models ................
12.9 Model-Robust Bayesian Experimental Design ...............

12.10 Computer Implementation of Some Bayesian
Optimization Methods .............. ...,

12.11 Problems . ..o

Part VI Introduction to Optimization of Simulation
and Computer Models

13. SIMULATION OPTIMIZATION . ...t
13.1 INtroduction . ..........euiiiiiineeeeeeee s
13.2 Newton’s Method and Stochastic Approximation ............
13.3  Stochastic Gradient ...............cciiiiiiiiiiiiiinnn...



xii Contents
13.4 Stochastic Perturbation Stochastic Approximation ........... 371
13.5 Statistical Test of KKT Optimality Conditions in Simulation

Optimization™* ... ... e 374
13,6 Problems ........ccoiiiii 3717
14. KRIGING AND COMPUTER EXPERIMENTS ................... 379
14.1  Kriging® ™ .o 380
14.1.1 Other Kriging Methods ............................ 384
14.2  Space Filling Designs ........... oo, 388
14.2.1 Latin Hypercube Designs (LHD) .................... 389
143 Problems .........oiiiiiiii e 393

Part VII Appendices

APPENAICES . . oottt e 399

A Basics of Linear Regression..........c..ocviuiiiiiiiiiinienn... 399
A.1 Ordinary Least Squares ..............ccooiiiiiiiiiiiea.n, 399

A.1.1 Properties of OLS Estimates ........................ 402
A.1.2 Estimation of 0% ........... ..o, 404
A.1.3 Estimation and Prediction in Regression ............. 404
A.1.4 Analysis of Residuals and Influence Diagnostics ...... 405
A.1.5 DiagnosticPlots ........... ...l 407
A.2 Testing Hypothesisonthe OLS ............................ 407
A.2.1 Significance of Regression ......................... 407
A.2.2 Tests on Individual and Subgroups of Parameters ... .. 409
A23 TestforLackof Fit ....... ... .. ... .. it 410
A.2.4 Single Degree of Freedom Test for Curvature ........ 411
B Analysisof Variance ...............coiiiiiiiii i 413
B.1  One Factor ANOVA, Fixed Effects ......................... 413
B.1.1 A More Formal Justification of ANOVA ............. 418
B.1.2 Expected Sums of Squares, Fixed Effects
One Way ANOVA ... .. i 420
B.1.3 Parameter Estimation in ANOVA Fixed Effects
Models . ..oooii 421
B.2 Random Effects Models ................ .. ... ... .. 423
B.2.1 Derivation of Expected Mean Squares,
One-way Random Effects Model .................... 424
B.2.2 ANOVA Method of Estimating the Variance
(10711 00711S] 11 - 426

C Matrix Algebra and Optimization Results.......................... 429

C.l O MALTICES .+ vttt ettt ettt 429
C.1.1 BasicDefinitions ............cooiiiiiiiiina... 429
C.1.2  Special Matrices ............oviuuieiniueennneennn. 431

C.1.3 Determinants and Matrix Inverse .................... 431



Contents X1il

C.1.4 Generalized Inverses and Solutions of Systems

of Linear Equations ..................covviiiinn... 433

C.1.5 Eigenvalues, Eigenvectors, and Quadratic Forms ... .. 435

C.2  Optimality Conditions .............ccceviiiiiiieeeeennnn. 436

D Some Probability Results used in Bayesian Inference ............... 443
References . ... 445



2 Springer
http://www.springer.com/978-0-387-71434-9

Frocess Optimization

& Statistical Approach

Del Castillo, E.

2007, XV, 462 p. 76 illus., Hardcower
ISEM: 978-0-387-71434-0





