Contents

Series Foreword xi

Preface xiii

The 27 Languages xix

Introduction 1

I FUNDAMENTALS 1 Recursion and Iteration 15 1.1 Recursion—transition systems and higher-order definitions 15 1.2 Iteration—a nonuniform language with continuation semantics 56 1.3 Exercises 74 1.4 Bibliographical notes 79 2 Nondeterminacy 83 2.1 Metric hyperspaces 84 2.2 Nondeterministic choice—the compact powerdomain 98 2.3 Exercises 116 2.4 Bibliographical notes 118 3 Variations 121 3.1 Guarded commands—D without higher order 121 3.2 Goto statements—systems of continuations 134 3.3 Exercises 143 3.4 Bibliographical notes 144 II LINEAR MODELS 4 Uniform Parallelism 149

4.1 Parallel composition—introduction of ‘‖’ 149 4.2 Process creation—parallel resumptions 160 4.3 Exercises 172 4.4 Bibliographical notes 175

5 Unbounded Nondeterminism 177 5.1 Image-finite transition systems—closed replaces compact 177 5.2 Random assignment—the closed powerdomain 180 5.3 Fair merge—enforcing image-finiteness 182 5.4 Exercises 192 5.5 Bibliographical notes 193

6 Locality 195 6.1 Blocks—environments for individual variables 196 6.2 Function procedures with parameters called-by-value

—statement and expression prolongations 213 6.3 Exercises 228 6.4 Bibliographical notes 230

7 Nonuniform Parallelism 231 7.1 Parallel composition with shared variables—relating O and D through abstraction 232 7.2 Concurrent evaluation of expressions—many sorted transition systems 249 7.3 Exercises 259 7.4 Bibliographical notes 261

8 Recursion Revisited 263 8.1 The μ-calculus L_μ—a declaration free formalism 263 8.2 Procedure environments—D without higher order 270

8.3 L_{cf} and L_μ compared—simultaneous versus iterated

fixed points 274 8.4 Three semantics for L_{cf} —fixed points at different levels 279 8.5 Exercises 281 8.6 Bibliographical notes 283

9 Nested Resumptions 285 9.1 Backtracking—success and failure prolongations 285 9.2 The fork statement—contractiveness through hiatons 295 9.3 Exercises 310 9.4 Bibliographical notes 311

III MODELS BASED ON DOMAIN EQUATIONS

10 Domain Equations and Bisimulation 315 10.1 Domain equations 317 10.2 Nonexpansive and contractive functors 325 10.3 Bisimulation 336 10.4 Exercises 341 10.5 Bibliographical notes 342

11 Branching Domains at Work 345 11.1 Deadlock—a branching domain for D 345 11.2 Synchronization—refining the parallel composition 355 11.3 Exercises 366 11.4 Bibliographical notes 368

12 Extensions of Nonuniform Parallelism 369 12.1 Suspension and the await statement—a nonuniform

domain equation 369 12.2 Communication with value passing—a nonuniform version

of L_{syn} 382

12.3 Exercises 389 12.4 Bibliographical notes 391

13 Concurrent Object-oriented Programming 393 13.1 Parallel objects—local states and encapsulation 393 13.2 The rendezvous—dependent and independent resumptions 401 13.3 Exercises 412 13.4 Bibliographical notes 412

14 Atomization, Commit, and Action Refinement 415 14.1 Atomization and commit—systems of equations 416 14.2 Action refinement—proving O = D may be difficult 432 14.3 Exercises 438 14.4 Bibliographical notes 440

IV PERSPECTIVES

15 The Control Flow Kernel of Logic Programming 443 15.1 Horn clause logic viewed as a nonuniform parallel language 446 15.2 Horn clause logic viewed as a uniform parallel language 454 15.3 Relating the various views 458 15.4 A concurrent constraint language 468 15.5 Bibliographical notes 471

16 True Concurrency 473 16.1 Pomsets 474 16.2 An operational pomset semantics for L_{par} 480 16.3 Denotational semantics, equivalence of O and D 485 16.4 Exercises 489 16.5 Bibliographical notes 490

17 Full Abstractness 491 17.1 Introduction 491 17.2 A fully abstract D for L_δ 494 17.3 A fully abstract D for L_{syn} 496 17.4 A fully abstract D for L_{aw} 505 17.5 Exercises 506 17.6 Bibliographical notes 507

18 Second-order Assignment 509 18.1 A language with second-order assignment 509 18.2 Syntax and operational semantics 511 18.3 Denotational semantics, relating O and D 512 18.4 Exercises 517 18.5 Bibliographical notes 518

A Proofs of Topological Theorems 519

B Direct Operational Semantics 527

C Domain Equations 531

D Further Reading 539

Bibliography 543

Author Index 557

Subject Index 561