Contents

Acronyms v

Preface vii

1 Introduction 1 1.1 A brief introduction to the PRAM model 1 1.2 The PRAM as a practical model of parallel

computation 4 1.3 First steps in Fork 5 1.4 A parallel CRCW Quicksort implementation 9 1.4.1 The CRCW Quicksort algorithm by Chlebus and Vrto 9 1.4.2 Implementation of the algorithm in Fork 11 1.4.3 Empirical evaluation of the implementation 17 1.5 Exercises 20

2 The PRAM Model of Parallel Computation 23 2.1 The RAM model of sequential computation 23 2.2 The PRAM model 28 2.2.1 Computing the sum on a PRAM 32 2.3 Measures of efficiency of PRAM Algorithms 35

xiii

2.3.1 Self-simulation and Brent’s Theorem 39 2.3.2 Speed-up 42 2.3.3 Design goals for PRAM algorithms 44 2.3.4 Practical performance measures for PRAM algorithms 46 2.3.5 Scalability of parallel algorithms 48 2.3.6 Efficiency and performance of the sum

algorithm 49 2.3.7 Efficiency and self-simulation 50 2.4 Some PRAM Algorithms 52 2.4.1 The prefix-sums problem 52 2.4.2 Finding the maximum 57 2.4.3 An operation on lists 58 2.4.4 Making the PRAM algorithms more costefficient 61 2.4.5 An application of Brent’s theorem 63 2.5 The relative strength of the PRAM variants 65 2.5.1 Simulation Results 65 2.5.2 Separation Theorems 67 2.6 Further PRAM variants and related models 69 2.6.1 Even stronger PRAM variants 69 2.6.2 PRAM variants that measure communication 69 2.6.3 PRAM variants that measure contention 71 2.6.4 Asynchronous PRAM variants 72 2.6.5 Bridging models: BSP and related models 73 2.7 Bibliographic notes 75 2.8 Exercises 76

3 PRAM Emulation 79 3.1 Simulation of the PRAM on distributed memory machines 79 3.2 Simulation of the PRAM 82 3.3 Communication networks 84 3.4 Distributing shared memory by hashing 87 3.5 Simulating one PRAM time step 89 3.6 Analysis of Ranade’s simulation 94 3.6.1 Simulating several steps 99 3.6.2 Making the simulation more efficient 100 3.7 Deterministic Simulations 100

3.8 Simulation of the PRAM on optical networks 102 3.9 Bibliographic notes 103 3.10 Exercises 103

4 An Emulation of a PRAM in Hardware 105 4.1 The Fluent Abstract Machine 106 4.1.1 Ranade’s Algorithm Revisited 106 4.1.2 Concurrent Access and Multiprefix 107 4.1.3 The Fluent Machine 108 4.2 SB-PRAM architecture 108 4.2.1 Re-engineering the Fluent Machine 108 4.2.2 Choice of the Hash Function 114 4.3 Hardware Realization of the Prototype 115 4.3.1 Processor 116 4.3.2 Sorting arrays 117 4.3.3 Processor modules 119 4.3.4 Memory modules 119 4.3.5 Routing chips 119 4.3.6 Network boards 121 4.3.7 Commercial parts 121 4.4 Instruction Set 122 4.4.1 Compute Instructions 124 4.4.2 Load and Store Instructions 126 4.4.3 Multiprefix Instructions 126 4.4.4 Jump Instructions 127 4.4.5 PRAM Assembler Shorthands 128 4.5 System Software 129 4.5.1 Assembler, Linker and Loader 130 4.5.2 Simulator 133 4.5.3 Running assembler programs 134 4.5.4 Operating System 137 4.6 SB-PRAM Assembler Programming 137 4.6.1 Exact Synchronization by Padding 139 4.6.2 Inexact Barriers 139 4.6.3 Inexact Barrier with Separation 140 4.6.4 Exact Barrier 142 4.6.5 Self-Restoring Exact Barrier 144 4.6.6 Alternatives to Busy Waiting 144

4.7 Other Shared Memory Machines 145 4.7.1 Emulated shared memory 145 4.7.2 Distributed shared memory 149 4.7.3 Hybrid Architectures 153 4.7.4 Sources of Information 153 4.8 Exercises 154

5 Fork 157 5.1 Shared and private variables 160 5.1.1 Declaration 160 5.1.2 System variables 161 5.1.3 Concurrent–Write conflict resolution 161 5.2 Expressions 162 5.2.1 Atomic multiprefix instructions 162 5.2.2 The ilog2 operator 164 5.2.3 Return values of functions 164 5.2.4 Shared and private expressions 164 5.3 Synchronous and asynchronous regions 164 5.3.1 Advantages of the synchronous mode 166 5.3.2 Advantages of the asynchronous mode 166 5.3.3 Declaring the synchronicity of a function 167 5.3.4 The farm statement 167 5.3.5 The seq statement 168 5.3.6 The start statement 168 5.3.7 Calling synchronous, straight, and

asynchronous functions 169 5.4 Synchronous execution and the group concept 170 5.4.1 Synchronicity invariant 171 5.4.2 Subgroup creation and group activity regions 171 5.4.3 Group ID @, group–local processor ID $, and group rank $$ 172 5.4.4 Synchronous if statements with private condition 172 5.4.5 Synchronous loops with private exit condition 176 5.4.6 Calls to synchronous functions 178 5.4.7 The fork statement 178 5.4.8 Final remarks 181 5.5 Pointers and heaps 181 5.5.1 Pointers 181

5.5.2 Heaps 182 5.5.3 Pointers to functions 183 5.6 Exploring the asynchronous mode 184 5.6.1 The barrier statement 184 5.6.2 Critical sections, locks, and semaphores 184 5.7 The join statement 195 5.7.1 Simulating the start statement by join 198 5.7.2 Synchronous parallel critical sections 198 5.8 Programming style and caveats 201 5.8.1 Absolute vs. relative group identifiers 201 5.8.2 Numbering of group–relative processor identifiers 202 5.8.3 Accessing objects shared by different groups 202 5.8.4 Jumps 204 5.8.5 Shared memory fragmentation 205 5.8.6 The asm statement 205 5.8.7 Short–circuit evaluation of && and || 206 5.9 Graphical trace file visualization 206 5.10 Other parallel programming languages 210 5.10.1 MIMD message passing environments 211 5.10.2 MIMD asynchronous shared memory

environments 211 5.10.3 Fork–join–style shared memory MIMD

languages 212 5.10.4 SPMD–style asynchronous shared memory MIMD languages 213 5.10.5 SIMD and dataparallel programming

languages 213 5.10.6 PRAM languages 215 5.10.7 The history of Fork 216 5.10.8 The future of Fork 217 5.10.9 BSP languages 218 5.10.10 Integration of task parallelism and data parallelism 218 5.10.11 Skeleton languages 219 5.11 Exercises 220

6 Implementation of Fork 223 6.1 Compilation for the SB-PRAM 223

6.1.1 Extensions to the C compiler phases and data structures 223 6.1.2 Shared memory organization and frame layout 224 6.1.3 Translation of start and join 226 6.1.4 Translation of the private if statement 226 6.1.5 Groups and control flow 229 6.1.6 Accessing shared local variables 229 6.1.7 Run time overheads and optimizations 230 6.1.8 Exercises 232 6.2 Implementation of the Fork standard library 233 6.2.1 Implementation of barrier synchronization 233 6.2.2 Implementation of the simple lock 233 6.2.3 Implementation of the fair lock 234 6.2.4 Implementation of the readers–writers lock 236 6.2.5 Implementation of the RWD lock 238 6.2.6 Exercises 238 6.3 Compiling Fork for other parallel architectures 239 6.3.1 Emulating additional PRAM processors in software 242 6.3.2 Compiling for asynchronous shared–memory architectures 249 6.3.3 Compiling for distributed–memory architectures 253 6.3.4 Exercises 254

7 Parallel Algorithmic Paradigms and Programming Techniques257 7.1 Parallel loops 260 7.1.1 Dependence analysis of sequential loops 260 7.1.2 Loop transformations 265 7.1.3 Exploiting loop parallelism in Fork 268 7.1.4 Exercises 280 7.2 Data parallelism 282 7.2.1 Independent data parallelism 282 7.2.2 Nestable skeleton functions 285 7.2.3 Reductions 286 7.2.4 Prefix computations 290 7.2.5 Matrix operations 293 7.2.6 Exercises 300 7.3 Parallel Divide–and–Conquer 302

7.3.1 Sequential divide–and–conquer 302 7.3.2 Parallel divide–and–conquer 305 7.3.3 Recursive Parallel Sum algorithm 307 7.3.4 Strassen’s recursive matrix–matrix multiplication method 310 7.3.5 Recursive doubling method for first–order linear recurrences 314 7.3.6 Exercises 318 7.4 Asynchronous Parallel Data Structures 318 7.4.1 A Parallel Rehashable Hash Table 319 7.4.2 A Non–Rehashable Parallel Hash Table 323 7.4.3 A Parallel FIFO Queue 323 7.4.4 A Parallel Skip List 330 7.4.5 Exercises 339 7.5 The asynchronous parallel task queue 341 7.5.1 Exercises 344 7.6 Message passing 346 7.6.1 The MPI core routines 349 7.6.2 Implementation in Fork 352 7.6.3 Selected collective communication routines 355 7.6.4 Exercises 356 7.7 Pipelining 359 7.7.1 Synchronous pipelining 361 7.7.2 Asynchronous Pipelining 365 7.7.3 Exercises 369 7.8 Domain decomposition and irregular parallelism 373 7.8.1 The N–body problem 375 7.8.2 A simple force calculation algorithm 376 7.8.3 A hierarchical force calculation algorithm 376 7.8.4 Exercises 383

8 A Library of basic PRAM Algorithms 385 8.1 Preliminaries 386 8.2 Arrays 389 8.2.1 Load balancing for arrays 390 8.2.2 Prefix-sums operations 391 8.2.3 Improving performance 394 8.2.4 Comparison of the prefix operations on the SB-PRAM 394

8.2.5 Other Prefix Computations 397 8.2.6 Range querying 400 8.3 Merging and sorting 403 8.3.1 Parallel search 403 8.3.2 Merging 407 8.3.3 Merge sort 411 8.3.4 Integer sorting 413 8.4 Lists and list ranking 415 8.4.1 Simple operations on lists 416 8.4.2 List ranking with pointer jumping 419 8.4.3 Improving the parallel efficiency of list ranking 420 8.5 Tree computations 423 8.5.1 Tree rooting 426 8.5.2 Lowest common ancestors 429 8.5.3 Tree contraction 432 8.5.4 An application of tree contraction 435 8.5.5 Tree generators 439 8.6 Fundamental algorithms on graphs 439 8.6.1 Connected components 440 8.6.2 Graph generators 443 8.7 A parallel dictionary 443 8.7.1 Searching in a dictionary 445 8.7.2 Insertion and deletion 446 8.8 Other libraries of PRAM algorithms 450 8.9 Exercises 451 8.10 Projects 454

9 An Example Application 455 9.1 Principles of Fisheye Views 455 9.1.1 Computation of Fisheye Views 456 9.1.2 Extension to Focus Polygons 459 9.2 Implementation 464 9.3 Simple Parallelization 467 9.3.1 Exploiting Loop Parallelism 467 9.3.2 Handling Large Files 470 9.4 Advanced parallelization 474 9.4.1 Skip-list-based Dictionary 475 9.4.2 Tree-based Dictionary 478

9.4.3 Comparison 478 9.5 Generation of image files 480 9.6 Extension of FView for Interactive Use 481 9.7 Exercises 481

Appendix A Notation for asymptotic growth of functions 485 A.1 Big-O-Notation 485 A.2 Exercises 487

Appendix B Online software and documentation 489

Appendix C Installation guide 491 C.1 Installation of the SB-PRAM system software 492 C.2 Installation of the Fork compiler 492 C.3 Further remarks 492

Appendix D Fork at a glance 495

Appendix E Technical remarks on the Fork compiler 501 E.1 Fork Compiler Options 501 E.2 Organization of the Fork standard library 501 E.3 Reserved registers 503

Appendix F A Summary of the PAD Library 505

Glossary 525

References 527