Contents

List of Figures xi

List of Programs xiii

Preface xv

Acknowledgements xvii

1 Introduction 1 1.1 Background 1 1.2 Declarative Programming 2 1.3 Logic Programming Paradigm 3 1.4 Shortcomings of Prolog 8 1.5 Theoretical Foundations of Logic Programming 11 1.6 Program Verification 12 1.7 Prolog and Program Verification 13 1.8 Structure of the Book 14 1.9 Further Reading 16 1.10 References 17

2 Unification 18 2.1 Terms 18 2.2 Substitutions 20 2.3 Unifiers 24 2.4 * The Nondeterministic Robinson Algorithm 26 2.5 * Robinson’s Algorithm 30 2.6 The Martelli–Montanari Algorithm 31 2.7 Properties of Mgus 37 vii

2.8 Concluding Remarks 40 2.9 Bibliographic Remarks 41 2.10 Summary 41 2.11 References 42

3 Logic Programs: Procedural Interpretation 44 3.1 Queries and Programs 45 3.2 SLD-derivations 46 3.3 Comparison with other Programming Styles 51 3.4 Resultants 52 3.5 Properties of SLD-derivations 56 3.6 * SLD-derivations with Idempotent Mgus 60 3.7 Selection Rules 63 3.8 SLD-trees 67 3.9 Concluding Remarks 71 3.10 Bibliographic Remarks 72 3.11 Summary 73 3.12 References 73

4 Logic Programs: Declarative Interpretation 75 4.1 Algebras 76 4.2 Interpretations 77 4.3 Soundness of the SLD-resolution 79 4.4 Term Interpretations 81 4.5 Completeness of the SLD-resolution 84 4.6 * Least Term Models 87 4.7 Operators and their Fixpoints 89 4.8 * Least Term Models, continued 91 4.9 Herbrand Interpretations 92 4.10 Least Herbrand Models 95 4.11 * Comparison of the Least Term and the Least Herbrand Models 99 4.12 Concluding Remarks 100 4.13 Bibliographic Remarks 102 4.14 Summary 102 4.15 References 102

5 Programming in Pure Prolog 104 5.1 Introduction 105 5.2 The Empty Domain 114 5.3 Finite Domains 115 5.4 Numerals 118 5.5 Lists 123 5.6 Complex Domains 136 5.7 Binary Trees 138

5.8 Concluding Remarks 141 5.9 Bibliographic Remarks 144 5.10 Summary 144 5.11 References 144

6 Termination 146 6.1 Multiset Ordering 147 6.2 Terminating Programs 149 6.3 Applications 152 6.4 * Characterizing Terminating Programs 155 6.5 Left Terminating Programs 157 6.6 Applications 163 6.7 * Characterizing Left Terminating Programs 166 6.8 * An Improvement 169 6.9 Concluding Remarks 173 6.10 Bibliographic Remarks 174 6.11 Summary 175 6.12 References 176

7 The Occur-check Problem 178 7.1 Occur-check Free Programs 179 7.2 NSTO Lemma 180 7.3 Well-moded Queries and Programs 183 7.4 Occur-check Freedom via Well-modedness 189 7.5 Nicely Moded Programs 193 7.6 Occur-check Freedom via Nice Modedness 195 7.7 * Unfolding 198 7.8 * Insertion of the Occur-checks 200 7.9 Concluding Remarks 202 7.10 Bibliographic Remarks 203 7.11 Summary 204 7.12 References 204

8 Partial Correctness 207 8.1 Introduction 207 8.2 Well-asserted Queries and Programs 209 8.3 Applications 213 8.4 Computing Strongest Postconditions 219 8.5 Applications 224 8.6 Absence of Failures 226 8.7 Concluding Remarks 227 8.8 Bibliographic Remarks 229 8.9 Summary 230 8.10 References 230

9 Programming in Pure Prolog with Arithmetic 232 9.1 Operators 233 9.2 Arithmetic Comparison Relations 236 9.3 Complex Domains 238 9.4 Lists of Integers 240 9.5 Difference Lists 243 9.6 Binary Search Trees 246 9.7 Evaluation of Arithmetic Expressions 250 9.8 Concluding Remarks 253 9.9 Bibliographic Remarks 254 9.10 Summary 255 9.11 References 255

10 Verification of Pure Prolog Programs with Arithmetic 257 10.1 Syntax 257 10.2 Procedural Interpretation 258 10.3 Termination 259 10.4 Occur-check Freedom 263 10.5 Well-typed Queries and Programs 264 10.6 Absence of Run-time Errors 270 10.7 Partial Correctness 272 10.8 Concluding Remarks 278 10.9 Bibliographic Remarks 279 10.10 Summary 280 10.11 References 280

11 Towards Full Prolog 282 11.1 Cut 283 11.2 Sets 288 11.3 Collecting All Solutions 291 11.4 Meta-variables 293 11.5 Negation 295 11.6 Directed Graphs 298 11.7 Non-monotonic Reasoning 302 11.8 Term Inspection Facilities 305 11.9 Program Manipulation Facilities 309 11.10 Input/Output Facilities 312 11.11 Concluding Remarks 314 11.12 Bibliographic Remarks 316 11.13 Summary 317 11.14 References 318

Index 322