
Willem K. Klein Haneveld •
Maarten H. van der Vlerk • Ward Romeijnders

Stochastic Programming
Modeling Decision Problems
Under Uncertainty

4Ù Springer



Contents

1 Introduction....................................................................................................... 1
1.1 Linear Programming with Random Parameters................................ 1
1.2 Examples............................................................................................. 2

1.2.1 Blending Problem.................................................................. 3
1.2.2 Production Planning............................    6
1.2.3 Portfolio Optimization........................................................... 9

2 Random Objective Functions......................................................................... 13
2.1 Maximization of Expected Utility..................................................... 13

2.1.1 Specifying Utility Functions.................................................. 17
2.2 The Mean-Variance Model................................................................. 19

2.2.1 Relation with Expected Utility Theory................................. 20

3 Recourse Models............................................................................................... 23
3.1 Models with Penalty Costs in Deterministic LP.............................. 23

3.1.1 Individual Penalty Costs........................................................ 24
3.1.2 Refined Individual Penalty Costs.......................................... 25
3.1.3 Joint Penalty Costs................................................................. 25
3.1.4 Penalty Costs Based on Recourse Actions........................... 25

3.2 Recourse Models in Stochastic Linear Programming...................... 27
3.2.1 Representations of Recourse Models.................................... 27
3.2.2 Modeling Aspects.................................................................. 31
3.2.3 Special Recourse Structures.................................................. 32

3.3 Properties of Recourse Models........................................................... 35
3.3.1 Fixed Recourse....................................................................... 35
3.3.2 Simple Recourse..................................................................... 38
3.3.3 Expected Shortage and Surplus Functions........................... 40
3.3.4 Bounds on the Optimal Value of the Recourse Model..........  49
3.3.5 Approximation of Distributions............................................ 51

3.4 Algorithms for Recourse Models...................................................... 53
3.4.1 Simple Recourse..................................................................... 54
3.4.2 Fixed Recourse....................................................................... 60

ix



X Contents

4 Stochastic Mixed-Integer Programming.................................................... 67
4.1 Mixed-Integer Recourse Models........................................................ 67

4.1.1 Special Mixed-Integer Recourse Structures......................... 70
4.2 Properties of Mixed-Integer Recourse Models................................. 72

4.2.1 Fixed Mixed-Integer Recourse............................................... 72
4.2.2 Simple Integer Recourse........................................................ 75
4.2.3 Integer Simple Recourse: Its One-Dimensional

Functions ................................................................................ 77
4.3 Algorithms for Mixed-Integer Recourse Models.............................. 93

4.3.1 Simple Integer Recourse........................................................ 93
4.3.2 General Mixed-Integer Recourse.......................................... 103

5 Chance Constraints.......................................................................................... 115
5.1 Modeling with Chance Constraints................................................... 115
5.2 Mathematical Properties of Chance Constraints............................... 118

5.2.1 Different Representations of the Reliability Function......... 118
5.2.2 Examples of Chance Constraints.......................................... 119
5.2.3 Properties of Chance Constraints.......................................... 125

5.3 Discrete Distributions......................................................................... 130
5.4 Algorithms for Models with a Joint Chance Constraint.................. 132

5.4.1 Evaluation of the Distribution Function
of a Multivariate Normal Distribution................................... 133

6 Integrated Chance Constraints...................................................................... 139
6.1 Modeling with Integrated Chance Constraints................................. 139
6.2 Single Integrated Chance Constraint.................................................. 141

6.2.1 Formulations of Single Integrated Chance Constraints....... 141
6.2.2 Examples of Single Integrated Chance Constraints............. 142
6.2.3 Properties of Single Integrated Chance Constraints............. 145
6.2.4 Discrete Distributions............................................................. 150

6.3 Joint Integrated Chance Constraints.................................................. 153
6.4 Conditional Surplus-at-Risk and Integrated Chance

Constraints ......................................................................................... 154
6.5 Integrated Chance Constraints and Recourse Models...................... 156

6.5.1 Conclusions............................................................................. 158
6.6 Algorithms for Models with Integrated Chance Constraints........... 159

7 Assignments ....................................................................................................... 163
7.1 A1 : Multiperiod Inventory Control................................................... 163
7.2 R1 : Probabilistic Interpretations of Integrals of Distribution

Functions.............................................................................................. 165
7.3 R2: Complete and Sufficiently Expensive Recourse........................ 166

7.3.1 Finiteness of the Function v .................................................. 167
7.3.2 Sufficiently Expensive Recourse .......................................... 167
7.3.3 Convexity and Differentiability............................................. 168

7.4 R3: Simple Recourse, Only REIS Random....................................... 168



Contents xi

7.5 R4: Workforce Level Planning: An Example of Multiple
Simple Recourse?.................................................................................. 170

7.6 Cl: Chance Constraints and Integrated Chance Constraints............ 171
7.7 C2: The Expected Shortage Function for Positive Random

Variables ................................................................................................. 172
7.8 C3: Convexity for a Simple Chance Constraint................................. 173
7.9 C4: Relation Individual and Joint Chance Constraints...................... 173
7.10 C5: Joint Chance Constraints, Only RHS Random, Discrete

Distribution............................................................................................ 175
7.11 C6: Individual Chance Constraints with One Random Variable .... 176
7.12 U1 : Stochastic Dominance and Expected Utility .............................. 177

8 Case Studies........................................................................................................... 181
8.1 Multi-Period Production Planning...................................................... 181
8.2 Water Management in the Bodrog River Area.................................. 185
8.3 Budgeting Cost of Nursing in a Hospital............................................ 187
8.4 Growing Maize and Sorghum in Kilosa District............................... 192
8.5 Product Mix Problem............................................................................ 195
8.6 Investment Planning for Electricity Generation................................. 197
8.7 Optimizing the Timetable of the Haarlem-Maastricht

Railway Connection.............................................................................. 201
8.8 Electricity Distribution......................................................................... 204

8.8.1 Contract with Power Plants..................................................... 205
8.8.2 Contract with Small Generators............................................. 206
8.8.3 Modeling Uncertain Demand for Electricity......................... 207
8.8.4 Model 1 : Optimizing the Contract with the Power Plants... 208
8.8.5 Model 2: Supply Schedule for the Next Day......................... 209
8.8.6 Future Demand for Supply from Small Generators.............. 210
8.8.7 Modeling Expected Penalty Costs.......................................... 211
8.8.8 Optimal Supply Schedules...................................................... 212

A Probability............................................................................................................ 213
A.l Expected Functions................................................................................. 213
A.2 Limit Sets................................................................................................ 217
A.3 Probability Distribution and Density Functions.................................. 218

B Elementary Convex Analysis.......................................................................... 221

C Deterministic LP................................................................................................. 231

D Maximum Calculus............................................................................................ 235



xii Contents

E Algorithms for Convex Non-linear Optimization.................................. 237
E. 1 Frank and Wolfe’s Algorithm......................................................... 238
E.2 Veinott’s Supporting Hyperplane Method....................................... 239

Bibliography........................................................................................................ 243

Index...................................................................................................................... 247


