Contents

PREFACE . . . . e e e e ix
INTRODUCTION . . . . e e e e e e e e e e xiii

PART 1. BACKGROUND ON CENTRALIZED AND

DISTRIBUTED CONSTRAINT REASONING . . .. ... ............ 1
CHAPTER 1. CONSTRAINT SATISFACTION PROBLEMS . .. ... ... .. 3
1.1. Centralized constraint satisfaction problems . . . . . .. ... ... ... 3
[.1.1. Preliminaries . . . ... ... ... .. .. ... 4
1.1.2. Examplesof CSPs . . . . . . ... ... ... . ... .. 5
1.2. Algorithms and techniques for solving centralized CSPs. . . . . . . .. 10
1.2.1. Algorithms for solving centralized CSPs . . . ... ... ... ... 10
1.2.2. Variable ordering heuristics for centralized CSPs . . . . . ... ... 23
L3.Summary . . ... . e 28
CHAPTER 2. DISTRIBUTED CONSTRAINT SATISFACTION PROBLEMS .. 29
2.1. Distributed constraint satisfaction
problems . . . . . .. e 29
2.1.1. Preliminaries . . . . ... ... ... ... 30
2.1.2.Examplesof DisCSPs . . . . .. ... ... .. .. . .. 32
2.1.3. Distributed meeting scheduling problem (DisMSP) . . .. ... .. 32
2.1.4. Distributed sensor network problem
(SensorDCSP) . . . . . . . e 34
2.2. Methods for solving DisCSPs . . . . .. ... ... ... ... .... 36
2.2.1. Synchronous search algorithms on DisCSPs . . . . ... ... ... 37

2.2.2. Asynchronous search algorithms on DisCSPs . . . . . ... ... .. 40



vi  Algorithms and Ordering Heuristics for DisCSPs

2.2.3. Dynamic ordering heuristics on DisCSPs . . . . ... ... ... .. 44
2.2.4. Maintaining arc consistency on DisCSPs . . . . .. ... ... ... 47
2.3.8ummary ... e e 47
PART 2. SYNCHRONOUS SEARCH ALGORITHMS FOR DISCSPs . . . .. 49

CHAPTER 3. NOGOOD-BASED ASYNCHRONOUS FORWARD

CHECKING (AFC-NG) . . ... .. . . e 51
3.1.Introduction . . . . . ... 51
3.2. Nogood-based asynchronous forward checking . . . . . ... ... ... 53

3.2.1. Description of the algorithm . . . . .. .. ... ... ....... 53
3.2.2. A simple example of the backtrack operation
on AFC-like algorithms . . . . . .. ... ... .. ... ....... 57
3.3.Correctness proofs . . . . .. ... 59
3.4. Experimental evaluation . . . . . ... ... ... L. 60
3.4.1. Uniform binary random DisCSPs . . . ... ... .......... 61
3.4.2. Distributed sensor-target problems . . . . . .. ... ... ... ... 62
3.4.3. Distributed meeting scheduling problems . . . . ... ... .. ... 64
344.DiSCUSSION . . . . .. 67
35.5ummary ... e e 68

CHAPTER 4. ASYNCHRONOUS FORWARD-CHECKING

TREE (AFC-TREE) . . . . . . . . e e e e e 69
4.1. Introduction . . . . . ... 69
4.2.Pseudo-tree ordering . . . . . . ... ... 70
4.3. Distributed depth-first search tree construction . . . . . ... ... ... 72
4.4. The AFC-tree algorithm . . . . . . .. ... ... ... ... ....... 75

4.4.1. Description of the algorithm . . . ... ... ... .......... 77
4.5. Correctness proofs . . . . .. ... 79
4.6. Experimental evaluation . . . . ... ... ... ... .. ... 79

4.6.1. Uniform binary random DisCSPs . . . . . ... ........... 80

4.6.2. Distributed sensor-target problems . . . . .. ... ... ....... 82

4.6.3. Distributed meeting scheduling problems . . . . ... ... ... .. 84

4.6.4.Discussion . . ... 84
47.Otherrelated works . . . . ... ... ... Lo 85
4.8.5ummary . ... e 86

CHAPTER 5. MAINTAINING ARC CONSISTENCY ASYNCHRONOUSLY

IN SYNCHRONOUS DISTRIBUTED SEARCH . . . ... ............ 87
S.l.Introduction . . . ... 87
5.2. Maintaining arc COnSistency . . . . . . . . . .. .. .. ... ... 88
5.3. Maintaining arc consistency asynchronously . .. ... ... ...... 89

5.3.1. Enforcing AC using del messages (MACA-del) . .......... 90



Contents  vii

5.3.2. Enforcing AC without additional kind of message

MACA-NOt) . . . .o 93

5.4. Theoretical analysis . . . ... ... ... ... ..., 94
5.5. Experimental results . . . . .. ... ... .. 95
5.5.1.Discussion ... e e 99
5.6.Summary ... 99

PART 3. ASYNCHRONOUS SEARCH ALGORITHMS AND
ORDERING HEURISTICS FORDISCSPS . . ... ... ... .. ... .... 101

CHAPTER 6. CORRIGENDUM TO “MIN-DOMAIN RETROACTIVE

ORDERING FOR ASYNCHRONOUS BACKTRACKING” . . ... ....... 103
6.1. Introduction . . . . . . ... 103
6.2.Background . . . .. ..o 104
6.3. ABT_DO-Retro may not terminate . . . . . . ... ............ 106
6.4. The right way to compare orders . . . . .. .. .............. 108
6.5.85ummary . ... e 110

CHAPTER 7. AGILE ASYNCHRONOUS BACKTRACKING

(AGILE-ABT) . . . . . . e 111
7.1.Introduction . . . . . . . . . ... 111
7.2. Introductory material . . . . . ... ... 113

7.2.1.Reordering details . . . ... ... ... ... ... ... ... 113
7.2.2. The backtracking target . . . ... ... ... ... ... ....... 114
7.2.3. Decreasing termination values . . . . ... ... ... ... ..... 116
7.3.Thealgorithm . . . . ... ... . ... 117
7.4. Correctness and complexity . . . . . ... ... .. ... ... ... ... 120
7.5.Experimental results . . . .. ... 123
7.5.1. Uniform binary random DisCSPs . . . . ... .. .. ... ..... 124
7.5.2. Distributed sensor target problems . . . .. ... ... ... ..... 125
7.5.3.Discussion . ... ... 128
7.6.Relatedworks . . . . . ... ... .. 129
77.5ummary ... 130

PART 4. DISCHOCO 2.0: A PLATFORM FOR DISTRIBUTED

CONSTRAINT REASONING . . . . . ... ittt 131

CHAPTER 8. DISCHOCO 2.0 . ... ... ... ... ............... 133
8.1.Introduction . . . . . ... ... 133
8.2  Architecture . . . . . . ... 134

8.2.1. Communication system . . . . . . . . ... ... 135
8.2.2.Eventmanagement . . . . . . . ... ...l 136

8.2.3.0bserversinlayers . . . . . ... .. . L Lo 137



viii  Algorithms and Ordering Heuristics for DisCSPs

8.3.Using DisChoco 2.0 . . . . ... ... ... .. ... . 137
8.4.Experimentations . . . . . . . ... ... 140
8.5.Conclusion . . ... ... 142
CONCLUSIONS . . . . . e s s s e 143
BIBLIOGRAPHY . . . . . .ttt e e e e e e e e e e 147



