


Contents

List of Notations xi
Preface xiii
1 Stochastic Programming Models 1
1.1 Introduction . . . . ... L l

1.2 Inventory . . . . . o o ]

1.2.1 The News Vendor Problem . ., ., . . ... ... .. .. 1

122 Chance Constraints . . . . . . . ... ... ... ..., 5

1.2.3 Multistage Modgls . . . . . . . ... ... 6

13 Multiproduct Assembly . . . . . . .. L o 9

1.3.1 Two-StageModel . . . .. ... .. .. o 0oL 9

13.2 Chance Constrained Model . . . .. ... ... ... ., 10

1.3.3 Multistage Model . . . . ... ... ... .. L. 12

1.4 Portfolio Selection . . . . .. .. .. ... L L 13

1.4.1 StaticModel . . .. . ... .. ... .. oL 13

1.4.2 Multistage Portfolio Selection . . . . ... . ... .. .. 16

14,3 DecisionRules . . . . ... ... ... ......... 21

1.5 Supply Chain Network Design . . . . . . .. ... ... ....... 22
BXEICISES . . v v v v o i i e e e e e e e e e e e e 25

2 Two-Stage Problems 27
2.1 Linear Two-Stage Problems . . . . . . .. ... ... ... .. .. 27

2.1.1 Basic Properties . . . . ... .. ... ... ..., 27

2.1.2 The Expected Recourse Cost for Discrete Distributions . 30

2.13 The Expected Recourse Cost for General Distributions . . 32

2.14 Optimality Conditions . . . . . . ... .. ... ... .. 38

22 Polyhedral Two-Stage Problems . . . . . .. . ... ... ... ..., 42

221 General Properties . . . . . .. ... ... . ... ..., 42

2.2.2 Expected Recourse Cost . ., . . ... ... .. ... .. 44

223 Optimality Conditions . . . . . . ... .. .. ...... 47

23 General Two-Stage Problems . . . . .. . . ... ... .. ... ... 48

23.1 Problem Formulation, Interchangeability . . . . . . ... 48

232 Convex Two-Stage Problems . . . . . .. ... ... .. 49

24 Nonanticipalivity . . . . ... ... ... ... ... ..o 52



2.4.1 Scenario Formulation . . . ... ... .. ........

24.2 Dualization of Nonanticipativity Constraints . . . . . . .
243 Nonanticipativity Duality for General Distributions .
2.4.4 Value of Perfect Information . . . . . . .. ... ... ..
Exercises . . . . . . . . e e

Multistage Problems

3.1 Problem Formulation . . .. ... ... ... .. ...........
3.1.1 The General Setting . . . . . . ... ... ... ....,
312 TheLinearCase . . ... ... ... ... .......
3.13 ScenarioTrees . . . . . .. ... ... ... .. ... ..
3.14 Algebraic Formulation of Nonanticipativity Constraints .
32 Duality . . . .. . e
3.2.1 Convex Multistage Problems . . . . ... .. .. ....
322 Optimality Conditions . . . . .. ... .. ... ....,.
323 Dualization of Feasibility Constraints . . . . . .. .. ..
324 Dualization of Nonanticipativity Constraints . . . . . . .
Exercises . . . . . . e e

Optimization Models with Probabilistic Constraints

4.1 Introduction . . . . ... .. L
4.2 Convexity in Probabilistic Optimization . . . . ... ... ......
4.2.1 Generalized Concavity of Functions and Measures . . . .
4.2.2 Convexity of Probabilistically Constrained Sets . . . . .
423 Connectedness of Probabilistically Constrained Sets . . .
43 Separable Probabilistic Constraints . . . . . .. ... .........
4.3.1 Continuity and Differentiability Properties of
Distribution Functions . . . . . ... ... ... ... ..
43.2 p-EfficientPoints . ... ... ... ..., e e
433 Optimality Conditions and Duality Theory . . .. .. ..
4.4 Optimization Problems with Nonseparable Probabilistic Constraints . .
441 Difterentiability of Probability Functions and Optimality
Conditions . . . .. ... . ... . ... ...
442 Approximations of Nonseparable Probabilistic
Constraints . . . . . ... ... .. ... ... .. ...,
4.5 Semi-infinite Probabilistic Problems . . . . . ... .. ... ... ..
Exercises . . . . . . . . e
Statistical Inference
5.1 Statistical Properties of Sample Average Approximation Estimators . .
5.1.1 Consistency of SAA Estimators , . . . . . ... ... ..
5.1.2 Asymptotics of the SAA Optimal Valve ., . . . . ... ..
5.1.3 Second Order Asymptotics . . . .. .. ... .. ...,
5.14 Minireax Stochastic Programs . . . . . . ... ..., L.
52 Stochastic Generalized Equations . . . . ... ... ... ... ....
5.2.1 Consistency of Solutions of the SAA Generalized

Equations . . ... .... .. ... .. .. .. ... ..



5.2.2 Asymptotics of SAA Generalized Equations Estimators . 177

53 Monte Carlo Sampling Methods . . . . .. .. ... ... 0. ... 180
53.1 Exponential Rates of Convergence and Sample Size

Estimates in the Case of a Finite Feasible Set . . . . . . . 181

53.2 Sample Size Estimates in the General Case . . . . . . . . 185

533 Finite Exponential Convergence . . . . . . .. ... ... 191

54 Quasi-Monte CarloMethods . . . . . . ... ... .o 193

55 Variance-Reduction Techniques . . . . . . . . ... .. .. 198

5.5.1 Latin Hypercube Sampling . . . . .. ... . ... ... 198

552 Linear Control Random Variables Method . . . . . . .. 200

5353 Importance Sampling and Likelihood Ratio Methods . . . 200

5.6 Validation Analysis . . . . . .. ... ... oL 202

5.6.1 Estimation of the Optimality Gap . . . . . . .. ... .. 202

5.6.2 Statistical Testing of Optimality Conditions . . . . . . . . 207

5.7 Chance Constrained Problems . . . . . . .. ... .. ... .. ... 210

5741 Monte Carlo Sampling Approach . . . . .. . ... ... 210

572 Validation of an Optimal Solution . . . . . . . ... ... 216

58 SAA Method Applied to Multistage Stochastic Programming . . . . . 220

5.8.1 Statistical Properties of Multistage SAA Estimators . . . 221

58.2 Complexity Estimates of Multistage Programs . . . . . . 226

59 Stochastic Approximation Method . . . . . . ... ... L. L 230

59.1 Classical Approach . . . . . .. ... ... .. ... ... 230

592 Robust SAApproach . . . . . .. .. ... ... ..... 233

593 Mirror Descent SAMethod . . . . . .. ... ... ... 236

594 Accuracy Certificates for Mirror Descent SA Solutions . . 244

BXEICiSes . . . . . . i e e e e 249

Risk Averse Optimization 253

6.1 Introduction . . ... ... . 253

6.2 Mean-Risk Models . . . ... ... . . ... ... . ... 254

6.2.1 Main Ideas of Mean—Risk Analysis . . . . . ., .. ... 254

6.2.2 Semideviations . . . . . ... ... L L., 255

6.2.3 Weighted Mean Deviations from Quantiles . . . . . . .. 256

6.2.4 Average Value-at-Risk . . . . . ... .. ... .. ..., 257

6.3 Coherent Risk Measures . . . . . . . . .. ... ... ... .. . ... 261

6.3.1 Differentiability Properties of Risk Measures . . . . . . . 265

63.2 Examples of Risk Measures . . . . .. ... ..... ... 269

6.3.3 Law Invariant Risk Measures and Stochastic Orders . . . 279

634 Relation to Ambiguous Chance Constraints . , . . . . . . 285

6.4 Optimization of Risk Measures . . . . . . . . . . ..o, 288

6.4.1 Dualization of Nonanticipativity Constraints . . . . . . . 291

6.4.2 Examples. . . . . ... ... ... ... ... 295

6.5 Statistical Properties of Risk Measures . . . . .. .. ... ... ... 300

6.5.1 Average Value-at-Risk . . .. ... ... ... ... ... 300

6.5.2 Absolute Semideviation Risk Measure . . . . . . . . .. 301

6.5.3 Von Mises Statistical Functionals . . . . .. .. .. ... 304

6.6 The Problem of Moments . . . . . .. . . ..« 306



6.7 Multistage Risk Averse Optimization . . . . . . ... ... ... ... 308

6.7.1 Scenario Tree Formulation . . . . . .. ... ... .. .. 308
6.7.2 Conditional Risk Mappings . . . . ... ... ... ... 315
6.7.3 Risk Averse Multistage Stochastic Programming . . . . . 318
BXEITISES . . . . o o et e e e e e e e e e e 328
7 Background Material 333
7.1 Optimization and Convex Analysis . . . . . ... ... ... ... 334
7.1.1 Directional Differentiability . . . .. .. ... ... ... 334
7.1.2 Elements of Convex Analysis . . . . . .. .. ... ... 336
7.1.3 Optimization and Duality . . . ... ... ... ... .. 33%
7.14 Optimality Conditions . . . .. ... .. ... .. .... 346
7.1.5 Perturbation Analysis . . . .. . . o000 oL 351
7.1.6 Epiconvergence . . . .. ... .. ..., 357
72 Probability . . ..o 359
7.2.1 Probability Spaces and Random Variables . . . ... .. 359
7.2.2 Coenditional Probability and Conditional Expectation . . . 363
723 Measurable Multifunctions and Random Functions . . . . 365
7.24 Expectation Functions . . . . .. .. ... ... ..... 368
725 Uniform Laws of Large Numbers . . . . . ... ... .. 374
7.2.6 Law of Large Numbers for Random Sets and
Subdifferentials . . . .. ... ... L0 0oL 379
7.2 DeltaMethod . . . .., .. ... ... .. ....... 382
7.2.8 Exponential Bounds of the Large Deviations Theory . . . 387
7.29 Uniform Exponential Bounds . . . . . . ... .. .. .. 393
7.3 Elements of Functional Apalysis . . . . ... ............. 399
7.3.1 Conjugate Duality and Differentiability . . . . .. .. .. 401
7.3.2 Lattice Structure . . . . .. . .. .o oL 403
Exercises . . . . . . . e e e e e e e 405
8 Bibliographical Remarks 407
Bibliography 415
Index 431



