Parallel Programming Using C++

edited by Gregory V. Wilson and Paul Lu

The MIT Press Cambridge, Massachusetts London, England

© 1996 Massachusetts Institute of Technology

All rights reserved. No part of this book may be reproduced in any form by any electronic or mechanical means (including photocopying, recording, or information storage and retrieval) without permission in writing from the publisher.

This book was set in Computer Modern by the editors and was printed and bound in the United States of America.

Library of Congress Cataloging-in-Publication Data

Parallel programming using C++ / edited by Gregory V. Wilson and Paul Lu.

p. cm.—(Scientific and engineering computation) Includes bibliographical references and indexes. ISBN 0-262-73118-5 (pbk.: alk. paper) 1. C++ (Computer program language). 2. Parallel programming (Computer science). I. Wilson, Gregory V. II. Lu, Paul. III. Series. QA76.73.C153P365 1996 005.2—dc20 96-12636 CIP

Short Contents

xxv Series Foreword xxvii

A Perspective on Concurrency and C++ by Bjarne Stroustrup xxxi

Preface 1 Chapter 1 ABC++ by William G. O’Farrell, Frank Ch. Eigler, S. David Pullara, and Gregory V. Wilson 43 Chapter 2 The Amelia Vector Template Library by Thomas J. Sheffler 91 Chapter 3 CC++ by Carl Kesselman 131 Chapter 4 CHAOS++ by Chialin Chang, Alan Sussman, and Joel Saltz 175 Chapter 5 CHARM++ by Laxmikant V. Kalé and Sanjeev Krishnan 215 Chapter 6 COOL by Rohit Chandra, Anoop Gupta, and John L. Hennessy 257 Chapter 7 C++// by Denis Caromel, Fabrice Belloncle, and Yves Roudier 297 Chapter 8 C** by James R. Larus, Brad Richards, and Guhan Viswanathan 343 Chapter 9 ICC++ by Andrew A. Chien and Julian T. Dolby

383 Chapter 10 Mentat by Andrew S. Grimshaw, Adam Ferrari, and Emily A. West 429 Chapter 11 MPC++ by Yutaka Ishikawa, Atsushi Hori, Hiroshi Tezuka, Motohiko Matsuda, Hiroki Konaka, Munenori Maeda, Takashi Tomokiyo, Jörg Nolte, and Mitsuhisa Sato 465 Chapter 12 MPI++ by Anthony Skjellum, Ziyang Lu, Purushotham V. Bangalore, and Nathan Doss 507 Chapter 13 pC++ by Shelby X. Yang, Dennis Gannon, Peter Beckman, Jacob Gotwals, and Neelakantan Sundaresan 547 Chapter 14 POOMA by John V. W. Reynders, Paul J. Hinker, Julian C. Cummings, Susan R. Atlas, Subhankar Banerjee, William F. Humphrey, Steve R. Karmesin, Katarzyna Keahey, M. Srikant, and MaryDell Tholburn 589 Chapter 15 TAU by Bernd Mohr, Allen D. Malony, and Janice E. Cuny 629 Chapter 16 UC++ by Russel Winder, Graham Roberts, Alistair McEwan, Jonathan Poole, and Peter Dzwig 671 Contributors 681 Appendix A An Overview of C++ 689 Appendix B An Overview of Parallel Computing 701 Appendix C An Overview of Polygon Overlay

709 Bibliography 737 Citation Author Index 747 Index

Contents

Series Foreword xxv

A Perspective on Concurrency and C++ xxvii

Preface xxxi

1 ABC++ 1 1.1 Introduction 1 1.2 History 2 1.2.1 Early Development 2 1.2.2 Themes 2 1.2.3 Experience and Change 4 1.3 Active Objects 5 1.3.1 Synchronous Method Invocation 6 1.3.2 Controlling Method Invocation 8 1.3.3 Ping, Join, and Sleep 10 1.3.4 Caveats 10 1.3.5 Initialization, Termination, and Stack Control 11 1.4 Example: The Producer-Consumer Problem 11 1.4.1 A Mediating Buffer 13 1.5 Processors 15 1.6 Asynchronous Method Invocation 17 1.7 Parametric Shared Regions 21 1.7.1 The Design of PSRs 21 1.7.2 Creating PSRs and Handles 22 1.7.3 Caveats 23 1.7.4 Reading and Writing Shared Regions 23 1.7.5 Locking and Unlocking 25 1.7.6 Read-Only Handles 26 1.7.7 Location Inquiry 26 1.8 Example: A Shared Counter 27 1.9 More About Parametric Shared Regions 31 1.9.1 Other Ways to Create PSRs 31

1.9.2 Lock Shuffling 32 1.9.3 Lock Delegation 33 1.9.4 Versions 34

1.10 Using ABC++ 34

1.11 Example: Polygon Overlay 35 1.11.1 Performance 38

1.12 Conclusions and Future Directions 39

2 The Amelia Vector Template Library 43 2.1 Introduction 43 2.1.1 Algorithmic Templates 45 2.1.2 Reducing Programmer Complexity 46 2.1.3 A Case for Standard Parallel Collections 46 2.1.4 Library Components 47 2.1.5 An Example 49 2.1.6 Organization 50

2.2 AVTL Programming Model 51 2.2.1 Two Types of Parallelism 51 2.2.2 Granularity 51 2.2.3 Scalar Data 52

2.3 Library Overview 52 2.3.1 The Parallel Vector Class 52 2.3.2 Combining Function Objects 54 2.3.3 Element-Wise Forms 58 2.3.4 Algorithms on Vectors 62

2.4 Example Programs 71 2.4.1 Computing π 72 2.4.2 Polygon Overlay 72

2.5 Related Work 83 2.5.1 CVL 84 2.5.2 Data-Parallel Languages 84 2.5.3 Distributed Object-Oriented Languages 85 2.5.4 Class Libraries 86

2.6 Difficulties and Critique 87 2.6.1 Compiler Incompatibilities 87 2.6.2 Debugging 88 2.6.3 Compilation Speed 88 2.7 Summary 89

3 CC++ 91 3.1 Introduction 91 3.2 Design Philosophy and Goals of CC++ 91 3.2.1 Compositionality and CC++ 91 3.2.2 Other Design Considerations 95 3.3 Overview of CC++ 97 3.3.1 Parallel Composition Operators 97 3.3.2 Synchronization Variables 101 3.3.3 A Producer/Consumer Program 102 3.3.4 Atomic Functions 103 3.3.5 Implementing a Blocking Lock 105 3.3.6 Specifying Location in CC++ 108 3.4 Implementing Other Programming Styles 116 3.5 A Programming Example: Polygon Overlay 117 3.5.1 Shared-Memory Implementation 119 3.5.2 Distributed-Memory Implementation 120 3.6 Implementing CC++ 124 3.7 Limitations of CC++ 126 3.7.1 Thread-Local Storage 127 3.7.2 Thread Priorities 129 3.8 Summary 130

4 CHAOS++ 131 4.1 Introduction 131 4.2 Support for Distributed Arrays 134 4.2.1 Mobile Objects 135

4.2.2 Partitioning Data Arrays 136 4.2.3 Data Movement 139 4.2.4 An Example 140

4.3 Support for Distributed Pointer-Based Data Structures 142 4.3.1 Issues in Support for Pointer-Based Data

Structures 142 4.3.2 Globally-Addressable Objects 142 4.3.3 Building Distributed Pointer-Based Data

Structures 144 4.3.4 Data Movement Routines 148 4.3.5 An Example 149

4.4 Implementation 151 4.4.1 Dereferencing Global References 151 4.4.2 Data Movement 152

4.5 Applications and Performance Results 155 4.5.1 Polygon Overlay 155 4.5.2 Scientific Computation: Direct Simulation Monte Carlo Method 163 4.5.3 Spatial Database Systems: Vegetation Index

Measurement 166 4.5.4 Image Processing: Image Segmentation 168

4.6 Related Work 171

4.7 Critique and Conclusions 172

5 CHARM++ 175 5.1 Design Philosophy 175 5.1.1 Target Domain 177 5.1.2 Evolution 177

5.2 The CHARM++ Language 178 5.2.1 Message-Driven Execution 178 5.2.2 Dynamic Object Creation: Chares and Messages 183 5.2.3 Branched Chares 190 5.2.4 Specific Information Sharing Abstractions 194

5.3 Polygon Overlay 198 5.4 Implementation 203 5.4.1 Converse: Portability and Interoperability 205 5.4.2 Chare Kernel 206 5.5 Tools and Libraries 207 5.6 Discussion 211

6 COOL 215 6.1 Introduction 215 6.2 Language Design 217 6.2.1 Expressing Concurrency 218 6.2.2 Mutual Exclusion 219 6.2.3 Event Synchronization 220 6.2.4 Task Level Synchronization 221 6.2.5 Discussion 222 6.3 Examples 223 6.3.1 Illustrating the Constructs 224 6.3.2 Object Level Synchronization 226 6.3.3 Polygon Overlay 228 6.4 Data Locality and Load Balancing 232 6.4.1 Our Approach 233 6.4.2 The Abstractions 234 6.5 Implementation 238 6.5.1 Overview 238 6.5.2 Reducing Synchronization Overhead 239 6.5.3 Scheduling Support for Locality 241 6.6 Application Case Studies 242 6.6.1 Ocean 243 6.6.2 LocusRoute 247 6.6.3 Panel Cholesky 250 6.7 Conclusions 254

7 C++// 257 7.1 Introduction 257

7.2 Basic Model of Concurrency 258 7.2.1 Processes 259 7.2.2 Sequential or Parallel Processes 260 7.2.3 Communication 261 7.2.4 Synchronization 262 7.2.5 Sharing 263

7.3 Control Programming 264 7.3.1 Centralized versus Decentralized Control 265 7.3.2 Explicit versus Implicit Control 266 7.3.3 Library of Service Routines 270 7.3.4 Library of Abstractions 272

7.4 A Programming Method 275 7.4.1 Sequential Design and Programming (step 1) 275 7.4.2 Process Identification (step 2) 276 7.4.3 Process programming (step 3) 276 7.4.4 Adaptations (step 4) 277

7.5 Environment 278 7.5.1 Compilation 278 7.5.2 Mapping 278

7.6 Polygon Overlay 283 7.6.1 Sequential Design and Programming (step 1) 283 7.6.2 Parallel Programming 283

7.7 Implementation 288 7.7.1 A Reflection-Based System 289 7.7.2 A MOP for C++: Basic Classes 290 7.7.3 Class and Member Identification 292 7.7.4 Customization and Extension of C++// 293

7.8 Conclusion 295

8 C** 297 8.1 Introduction 297

8.2 Data-Parallel Languages 299 8.2.1 Fine-Grain Languages 300 8.2.2 Coarse-Grain Languages 302 8.2.3 Large-Grain Languages 303 8.2.4 Purely Functional Languages 304

8.3 C** Overview 304 8.3.1 Aggregates 305 8.3.2 Aggregate Functions 306 8.3.3 Aggregate Constructors 306 8.3.4 Parallel Functions 307 8.3.5 Slices 310

8.4 User-Defined Reductions 311 8.4.1 DSMC Example 311 8.4.2 Syntax of User-Defined Reductions 313 8.4.3 Semantics of User-Defined Reductions 314 8.4.4 Extensions to User-Defined Reduction Assignments 316 8.4.5 Implementing User-Level Reductions 317 8.4.6 User-Defined Reduction Performance 318

8.5 C** Implementation 319 8.5.1 LCM 320 8.5.2 LCM Implementation 321 8.5.3 Compiling C** 323 8.5.4 Dynamic C** Programs 324

8.6 Polygon Overlay Example 325 8.6.1 Naïve C** Implementation 326 8.6.2 Grid Partitioning a Map 327 8.6.3 Performance Tuning 331 8.6.4 Results 333

8.7 Conclusion 337

9 ICC++ 343 9.1 Introduction 343

9.2 Concurrency 344 9.2.1 conc Blocks 345 9.2.2 conc Loops 346 9.2.3 Examples 347

9.3 Objects, Abstractions, and Concurrency 349 9.3.1 Object Data Abstractions 350 9.3.2 Concurrency Control Across Multiple Objects 352 9.3.3 Discussion 354

9.4 Arrays, Objects, and Collections 355 9.4.1 Defining Object Collections 355 9.4.2 Using Collections 356 9.4.3 Concurrent Abstractions 357 9.4.4 Discussion 358

9.5 Unstructured Concurrency 359 9.5.1 Spawn 359 9.5.2 Reply 359 9.5.3 Unstructured Idioms 360

9.6 Polygon Overlay 361 9.6.1 Porting to ICC++ 361 9.6.2 Parallelization 363 9.6.3 Distributing PolyOver 365

9.7 Performance 369 9.7.1 Sequential Performance 369 9.7.2 Parallel Performance 370

9.8 Discussion and Related Work 375 9.8.1 C++ Compatibility 375 9.8.2 Derivation and Concurrency 375 9.8.3 Parallel C++ Efforts 378 9.8.4 Other Concurrent Object-Oriented Languages 379 9.8.5 Illinois Concert Project 380

9.9 Summary 381

9.10 Future Work 381

10 Mentat 383 10.1 Introduction 383 10.1.1 The Mentat Philosophy 383 10.1.2 Parallelism Encapsulation 384 10.1.3 The Mentat Environment 386 10.1.4 Roadmap 387

10.2 The Mentat Programming Language 387 10.2.1 Mentat Classes 388 10.2.2 Using Mentat Objects 392 10.2.3 Choosing Mentat Classes 394 10.2.4 Instantiation and Binding of Mentat Objects 395 10.2.5 Return-to-Future rtf() 396 10.2.6 mselect/maccept 399 10.2.7 Compilation 400

10.3 The Runtime System 401 10.3.1 Runtime Dataflow Detection 401 10.3.2 Scheduling 403

10.4 Application Experience 405 10.4.1 DNA and Protein Sequence Comparison 406 10.4.2 Stencil Libraries 411 10.4.3 Polygon Overlay 415

10.5 Lessons Learned 420 10.5.1 Pure Functions 421 10.5.2 Data-Parallel Computations 421 10.5.3 Shallow Copying 422 10.5.4 Virtual Functions 422 10.5.5 Non-Preemptable Member Functions 423 10.5.6 Object Instantiation and Scheduling 424 10.5.7 rtf() 425

10.6 The Future 425

11 MPC++ 429 11.1 Introduction 429 11.2 The MPC++ Approach to High Performance Computing 430 11.3 Language Overview 431 11.3.1 Control Parallelism Facility 431 11.3.2 Discussion of Control Parallelism Features 438 11.3.3 Meta-level Architecture 440 11.4 Class Library and Language Extension 449 11.5 Implementation 452 11.6 Basic Performance 455 11.7 Polygon Overlay 458 11.7.1 Implementation 458 11.7.2 Performance 461 11.8 Concluding Remarks 463

12 MPI++ 465 12.1 MPI Overview 465 12.1.1 Summary of MPI Features 467 12.1.2 Parallel Models Supported 468 12.1.3 MPI++ Origins and Overview 470 12.2 Design and Implementation of MPI++ 473 12.2.1 The MPI++ Interface 473 12.2.2 Object-Oriented Design of MPI++ 477 12.2.3 Implementation Issues 488 12.3 Example: Polygon Overlay 489 12.3.1 Solution #1 489 12.3.2 Solution #2 489 12.4 Performance Tests 499 12.5 Summary, Conclusions, and Future Work 500 12.5.1 Current MPI++ 501 12.5.2 MPI-2 503

12.5.3 Conclusions 505

13 pC++ 507 13.1 Introduction 507 13.2 History 508 13.3 Overview of pC++ Version 2.0 510 13.3.1 pC++ Runtime System 513 13.3.2 Tulip 514 13.3.3 I/O 516 13.3.4 Persistence 518 13.4 An Example: Parallel Sorting 521 13.5 The Polygon Overlay Program 526 13.6 The Self-Consistent Field Code 533 13.6.1 The pC++ Version of the SCF Code 535 13.6.2 Benchmark Results 537 13.7 The Particle Mesh Code 538 13.7.1 The Particle List Collection 539 13.7.2 The Mesh Collection 540 13.7.3 The Main Simulation Loop 541 13.7.4 Benchmark Results 542 13.8 Conclusion and Project Evaluation 543

14 POOMA 547 14.1 Introduction 547 14.2 History and Philosophy 547 14.2.1 Why Data-Parallel Programming? 548 14.2.2 Why a Framework? 549 14.3 Implementation 550 14.3.1 Framework Layer Description 550 14.3.2 Global Data Types 551 14.3.3 Parallel Abstraction Layer 556 14.3.4 Chained Expression Object 559

14.3.5 Component Layer 563 14.3.6 POOMA on Clustered Parallel Architectures 568 14.4 POOMA Appearance 570 14.4.1 2D Diffusion Code 570 14.4.2 Gyrokinetic Simulation 575 14.5 The Polygon Overlay Problem 580 14.5.1 POOMA Implementation Details 581 14.5.2 Performance Results 584 14.6 Critique 586 15 TAU 589 15.1 Introduction 589 15.2 Design Requirements and Goals 591 15.3 TAU Overview 592 15.3.1 TAU Architecture 593 15.3.2 TAU Implementation 595 15.4 TAU Tools 599 15.4.1 Static Analysis Tools 599 15.4.2 Dynamic Analysis Tools 601 15.4.3 Performance Extrapolation for pC++ 607 15.5 Tour de TAU: The Polygon Overlay Example 609 15.5.1 Utility Tools 609 15.5.2 Static Analysis Tools 610 15.5.3 Dynamic Analysis Tools 614 15.5.4 Performance Extrapolation 621 15.6 Critique 623 15.7 Conclusion and Future Work 626 16 UC++ 629 16.1 Introduction 629 16.2 History and Philosophy 630

16.2.1 The Ancient Period 631 16.2.2 The Early Period 632 16.2.3 The Middle Period 634 16.3 Overview of Current UC++ 636 16.3.1 Active Objects—Overview 637 16.3.2 Active Objects—The Execution Model 639 16.3.3 Language Elements 642 16.3.4 Compiling and Running Programs 644 16.3.5 An Example: The Sieve of Eratosthenes 646 16.4 Implementation 649 16.4.1 The Translator 650 16.4.2 The Abstract Message Passing Interface 653 16.5 The Polygon Overlay Example 654 16.5.1 An Initial Solution 654 16.5.2 An Embarrassingly Parallel Algorithm 657 16.6 Critique of UC++ 664 16.7 Applications of UC++ 665 16.8 Conclusions and Future Work 667 Contributors 671 A An Overview of C++ 681 B An Overview of Parallel Computing 689 C An Overview of Polygon Overlay 701 Bibliography 709 Citation Author Index 737 Index 747