Knowledge in Action: Logical Foundations for Specifying and Implementing Dynamical Systems

Raymond Reiter

The MIT Press Cambridge, Massachusetts London, England

Contents

Preface xvii Acknowledgments xix 1 Introduction 1 2 Logical Preliminaries 5 2.1 First-Order Logic 5 2.2 Second-Order Logic 12 2.3 Exercises 15 2.4 Bibliographic Remarks 18 3 Introduction to the Situation Calculus 19 3.1 The Situation Calculus 19 3.2 A Simple Solution to the Frame Problem (Sometimes) 23 3.3 Deductive Planning with the Situation Calculus 35 3.4 Formalizing Database Transactions in the Situation Calculus 39 3.5 Exercises 41 3.6 Bibliographic Remarks 44 4 Foundations of the Situation Calculus 47 4.1 The Language of the Situation Calculus 47 4.2 Axioms for the Situation Calculus 48 4.3 Reasoning about Situations Using Induction 54 4.4 Basic Theories of Action 58 4.5 Regression 61 4.6 Using Regression 67 4.7 Regression with Functional Fluents 70 4.8 Database Logs and Historical Queries 73 4.9 Exercises 78 4.10 Bibliographic Remarks 83 5 Implementing Basic Action Theories 85 5.1 Logical Foundations of Prolog 85 iv Contents

5.2 Lloyd-Topor Normal Forms for Arbitrary Definitions and Goals 90 5.3 Basic Action Theories, Definitions, and Regressable Queries 95 5.4 Exercises 107 5.5 Bibliographic Remarks 108 6 Complex Actions, Procedures, and Golog 111 6.1 Complex Actions and Procedures in the Situation Calculus 111 6.2 An Elevator Controller in Golog 119 6.3 Implementation 122 6.4 Discussion 132 6.5 Proving Properties of Golog Programs 134 6.6 Summary 138 6.7 Exercises 140 6.8 Bibliographic Remarks 145 7 Time, Concurrency, and Processes 149 7.1 Concurrency and Instantaneous Actions 149 7.2 Concurrency via Interleaving 150 7.3 The Sequential, Temporal Situation Calculus 152 7.4 Sequential, Temporal Golog 155 7.5 The Concurrent, Non-Temporal Situation Calculus 164 7.6 Axiomatizing Concurrent Worlds 166 7.7 The Concurrent, Temporal Situation Calculus 167 7.8 Concurrent, Temporal Golog 169 7.9 Natural Actions 170 7.10 Exercises 182 7.11 Bibliographic Remarks 183 8 Exogenous Actions, Interrupts, and Reactive Golog 185 8.1 Interrupts 185

Contents v

8.2 The Semantics of RGolog 187 8.3 An RGolog Interpreter 190 8.4 Example: A Reactive Elevator Controller 191 8.5 Interrupts with Priorities 198 8.6 Discussion 199 8.7 Exercises 202 8.8 Bibliographic Remarks 203 9 Progression 205 9.1 Logical Foundations of Progression 207 9.2 Two First-Order Progressable Cases 210 9.3 STRIPS Planning Systems 216 9.4 Strongly Context-Free Successor State Axioms 223 9.5 Progression and Relational STRIPS 224 9.6 An Open-World STRIPS 226 9.7 Correctness of Relational and Open-World STRIPS 228 9.8 Exercises 230 9.9 Bibliographic Remarks 231 10 Planning 233 10.1 A Simple Breadth-First Planner 233 10.2 Example: Planning in the Blocks World 235 10.3 Planning with Concurrent Actions 242 10.4 OCTOPUS: A Multi-Handed Blocks World Agent 247 10.5 A Simple Depth-First Planner 255 10.6 Open-World Planning 259 10.7 Planning vs. Nondeterministic Programming 275 10.8 Exercises 277 vi Contents

10.9 Bibliographic Remarks 280 11 Sensing and Knowledge 283 11.1 Knowledge in the Situation Calculus 283 11.2 Knowledge and the Designer’s Perspective 292 11.3 Knowledge-Producing Actions 293 11.4 The Frame Problem for Knowledge-Producing Actions 294 11.5 Accessibility in the Initial Situation 302 11.6 Regression for Knowledge-Producing Actions 306 11.7 Knowledge-Based Programming 309 11.8 Discussion 327 11.9 Exercises 328 11.10 Bibliographic Remarks 332 12 Probability and Decision Theory 335 12.1 Stochastic Actions and Probability 335 12.2 Derived Probabilities 341 12.3 Exogenous Events 349 12.4 Uncertainty in the Initial Situation 359 12.5 Markov Decision Processes 363 12.6 Discussion 379 12.7 Exercises 380 12.8 Bibliographic Remarks 383 13 Concluding Remarks 385 Appendix A:

Some Useful First-Order Inference Rules 389 A.1 Decomposition Rules 389 A.2 Generation Rules 391 A.3 Success Rules 392 A.4 Proof Rules for Unique Names Axioms 392

Contents vii

A.5 Simplification Rules 393 A.6 Additional Success Rules 394 A.7 Examples of Proofs 394 A.8 Exercises 399 Appendix B:

The Qualification and Ramification Problems 401 B.1 Constraints and the Ramification Problem 401 B.2 Constraints and the Qualification Problem 402 B.3 Solving the Qualification and Ramification Problems 404 Appendix C:

Resources 407

References 409 Index 419