Table of Contents

1. Introduction ......... .. ... .. .. . . 1
1.1 Artificial Intelligence for Computer Games................. 1
1.2 Agents ..ot 2

1.2.1 Reactive Agents ... ... ..., 3
1.2.2 Triggering Agents ..............c ... 4
1.2.3 Deliberative Agents. . ..., 4
1.2.4 Hybrid Agents ..........co i 5
1.2.5 Anytime Agents...... ...t 6
1.3 Planning . ... .o o 6
1.3.1 Temporal Ontologies............ ... ... .. ... ... 6
1.3.2 ReSOUTCES .. .vvit it 8
1.4 Search Paradigms ........... ... .. .. i 15
1.4.1 Refinement Search................................ 15
1.4.2 Local Search........... ... .. . . ... 18
1.4.3 Search-Paradigm Discussion ....................... 18
1.5 Search Frameworks ...... ... ... .. . ... . i . 20
1.5.1 Operations Research ............ ... .. .. ... .... 20
1.5.2 Propositional Satisfiability .............. ... ... ... 20
1.5.3 Constraint Programming ............ ... ... ... .... 21
1.5.4 Search Framework Discussion ...................... 22
1.6 Conclusion .......... ... 23

2. Using Global Constraints for Local Search ................ 25

2.1 Global Constraints .......... ... ... .. i 26
2.1.1 Global Constraints from a Local Search Perspective... 26
2.1.2 Internal Structures ............ ... ... .. ... 27
2.1.3 TImprovement Heuristics ........ ... ... .. ... ... ... 28

2.2 Granularity . ... 28

2.3 Global Search Control............ ... .. ... ... ... .. ... ... 30

2.4 A Case Study: Dynamic Job-Shop Scheduling .............. 31
2.4.1 Realization .........c. i 33
242 Results.... ... 34

2.4.3 Constraint Weights ......... .. ... .. o i 36



XII

Table of Contents
2.5 Susceptibility to Local Minima and Plateaus ............... 39
2.5.1 Randomization.............. ..o, 39
2.5.2 Random Walks......... ... .. 42
2.5.3 Tabu Lists.......... ... 42
2.6 Extending the Constraints ......... ... ... .. .. ... ... .. 44
2.6.1 More Knowledge .......... ... i 44
2.6.2 Aggressive Heuristics ............. ... ... ... ... .. 45
2.7 Conclusion .. ....... ... 45
Structural Constraint Satisfaction ........................ 47
3.1 Graph Grammars ............... i 49
3.2 Graph Elements for SCSPs ........ ... ... .. .. ... ... .. 50
3.3 Structural Constraints ............ ..., 51
3.4 Structural Constraint Satisfaction Problems ............... 55
3.5 Generating the Search Space ........... ... ... ... .. ... ... 56
3.5.1 Productions for Variables.......................... 57
3.5.2 Productions for Nonextensible Constraints........... 58
3.5.3 Productions for Extensible Constraints.............. 59
3.5.4 Productions for Constraint Extensions .............. 61
3.6 Avoiding Redundancy............. ... . i i 62
3.7 Combination with the Global Constraint Approach ......... 63
3.7.1 Application of Structural Constraints ............... 64
3.7.2 Types of Global Constraints ....................... 64
3.7.3 Global Search Control ............................ 65
3.7.4 Goal Optimization............. ... ... ... ... 65
3.8 Conclusion ......... ... 66
The Planning Model . ....... ... ... . . . .. ... . .. . ... 69
4.1 The Model’'s Basics . ..., 69
4.1.1 Actions, Action Tasks, and Action Resources ........ 69
4.1.2 State Resources, State Tasks, and Precondition Tasks . 70
4.1.3 Objects and References ............. ... ... ... ... 72
4.1.4 Sensors and Existence............. ..., 72
4.2 The Planning Model as SCSP ........ ... .. .. ... ... ... 73
4.2.1 The Current Time............ ..., 73
4.2.2 ACtIONS ...t 74
4.2.3  Operations ... .......uiuiii i 76
4.2.4  SEateS. .t 78
4.2.5 ODbJeCts .o vt 82
4.2.6 References..........coouiiiiiiiiiii. 84
4.2.7 SeNSOTS + vttt ettt 85
4.2.8 Existence Projections .......... .. ... . ..o L 86
4.2.9 CoOrTeCthess . o vttt et e 87

4.2.10 Problem Formulation .............. ... . ... ........ 88



Table of Contents  XIII

4.3 Incomplete Knowledge ........ ... .. ... .. .. . . 88
4.3.1 A Single-Plan Approach............. ... ... ...... 88
4.3.2 Missing Information .......... ... .. ... ... .. ... 90
4.3.3 Information Gathering ........ ... .. ... ... ... ... 91
4.3.4 Partial Knowledge . ........ .. ... .. i i 92

4.4 Conclusion ........ ... .. 95

Application . ....... ... . 97

5.1 Revisiting the Orc Quest Example .................. ... ... 98
5.1.1 The Constraints.......... .. ..., 98
5.1.2 The Constraints’ Heuristics . ............. .. .. .. .. 99
5.1.3 The Global Search Control ........................ 102
5.1.4 Evaluation .......... ... .. .. . 103

5.2 Domain-Independent Planning .............. ... ... ... .. 104
5.2.1 Extending the ARCand TC ....................... 105
5.2.2 A State Resource Constraint with a Symbolic State

Domain ... 105
5.2.3 Evaluation .......... .. .. .. i 112

5.3 Conclusion . ........c..iiiii i 122

Conclusion ........ ... ... 127

Future Work. ... ... . 131

7.1 Search Guidance ............ ..., 131

7.2 Combination of Local and Refinement Search .............. 132

7.3 Learning ....... ... 132

7.4  Self-Reflective Planning ......... .. ... ... .. .. . ... 133

7.5 Social ASPects . ... 133

Internet Links ........ ... ... ... . .. . . . . 135

Al General AT ... . 135

A.2 Artificial Intelligence for Computer Games................. 135

A3 Agents ... 136

A4 Planning ... ..o 136

A.5 Search Frameworks .......... ... ... .. . .. 137
A.5.1 Operations Research .............................. 137
A.5.2 Propositional Satisfiability......................... 138
A.5.3 Constraint Programming .......................... 138

The “Send More Money” Problem ....................... 139

Choice Randomization.............. .. .. .. ... .. .. .. .. 141

C.1 Choice-Dependent Information ........................... 142

C.2 Choosing an Alternative......... .. ... ... .. ... ... 142

C.3 Utility Function vs. Random Choice ...................... 143



XIV ~ Table of Contents

C.4 Calculation Costs. ... ... 146
C.5 Allowing for Non-positive Utility Values ................... 147
C.6 ConcluSion ...........oouuiiiini i 148
D. Ensuring the Satisfaction of Structural Constraints ....... 151
D.1 A Structurally Consistent Start Graph .................... 151

D.1.1 The Start Graph’s Variables and EQUALS:X
Constraints . . ... 152
D.1.2 The Start Graph’s STATE RESOURCES .............. 152
D.1.3 The Start Graph’s TASK CONSTRAINTS ............. 158
D.1.4 The Start Graph’s ACTION RESOURCE CONSTRAINTS. 158
D.1.5 Preparation for Closed Worlds ..................... 160
D.2 Validating the Improvement Heuristics .............. ... ... 160
D.2.1 Adding an Action ......... ... ... il 160
D.2.2 Removing an Action ......... ..., 163
References . ........... . 165



