A Cost Analysis for a Higher-order Parallel Programming Model

Roopa Rangaswami

Doctor of Philosophy University of Edinburgh

1996

(Graduation date:December 1996)

To my parents Sulo and Ranga and sister Kripa

Acknowledgements

The following people have all helped make this thesis possible and are due many thanks. My supervisor, Murray Cole, was always willing to read and criticise my documents, and this thesis owes a great deal to the many discussions we have had. A number of pertinent points were also raised in conversations with Kevin Mitchell and Peter Thanisch. My parents have always been a source of inspiration - they provided invaluable support during a crucial period. My parents-in-law shared a big responsibility as I started to write up. My husband, Arvind, has supported me in more ways than can be mentioned here. My thanks are also due to him for proof-reading this document and suggesting many improvements.

Parallel machine facilities were provided by the Edinburgh Parallel Computing Centre. This work was partially funded by the Overseas Research Studentship, awarded by the British Council.

Declaration

I declare that this thesis was composed by myself and that the work described in it is my own except where otherwise stated. A part of this work was published in [Ran95].

Roopa Rangaswami

Table of Contents

List of Figures viii

Chapter 1 Introduction 1 1.1 Approaches to Parallel Programming . . . . . . . . . . . . . . . . 1 1.2 Motivations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 1.3 Outline of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . 5

Chapter 2 Related Work 7 2.1 Parallel Skeletal Programming . . . . . . . . . . . . . . . . . . . . 7 2.2 Functional Programming . . . . . . . . . . . . . . . . . . . . . . . 14 2.3 Parallelism in Functional Languages . . . . . . . . . . . . . . . . . 16 2.3.1 Dataflow Techniques . . . . . . . . . . . . . . . . . . . . . 16 2.3.2 Techniques Based on Parallel Graph Reduction . . . . . . 17 2.3.3 Other Approaches . . . . . . . . . . . . . . . . . . . . . . . 20 2.4 Conclusion and Thesis Objectives . . . . . . . . . . . . . . . . . . 21

Chapter 3 Overview of the HOPP Model 23 3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23 3.2 The Features of the Model . . . . . . . . . . . . . . . . . . . . . . 23 3.3 Language Assumptions for the Model . . . . . . . . . . . . . . . . 24 3.4 The Advantages and Limitations of HOPP . . . . . . . . . . . . . 28 3.5 The Parallelisation Scheme . . . . . . . . . . . . . . . . . . . . . . 30

3.5.1 The Analyser . . . . . . . . . . . . . . . . . . . . . . . . . 31 3.5.2 The Search Tree . . . . . . . . . . . . . . . . . . . . . . . . 33 3.5.3 Profiling Information . . . . . . . . . . . . . . . . . . . . . 34 3.5.4 The Code Generator . . . . . . . . . . . . . . . . . . . . . 35 3.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

Chapter 4 The HOPP Model 37 4.1 The Basic Set of Functions . . . . . . . . . . . . . . . . . . . . . . 38 4.2 The Extended Set of Recognised Functions . . . . . . . . . . . . . 43 4.3 Example Programs . . . . . . . . . . . . . . . . . . . . . . . . . . 54 4.3.1 Matrix Multiplication . . . . . . . . . . . . . . . . . . . . . 54 4.3.2 Merge Sort . . . . . . . . . . . . . . . . . . . . . . . . . . 55 4.3.3 Solving Partial Differential Equations . . . . . . . . . . . . 56 4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

Chapter 5 The Cost Model 60 5.1 The Problem Specification . . . . . . . . . . . . . . . . . . . . . . 60 5.1.1 The Program Tree (P ) . . . . . . . . . . . . . . . . . . . . 61 5.1.2 The Parallel Machine Characteristics (M) . . . . . . . . . 62 5.1.3 The Input List Characteristics (D, I_s, F_t, S) . . . . . . . . 64 5.1.4 Specifications for Sequential Functions (C_f , F_s) . . . . . . 66 5.2 The Compile-time Analysis . . . . . . . . . . . . . . . . . . . . . . 70 5.2.1 The Algorithm for the Analyser . . . . . . . . . . . . . . . 77 5.3 An Example of Compile-time Analysis . . . . . . . . . . . . . . . 81

Chapter 6 Parallel Implementations and Costs for Recognised Functions 85 6.1 Data Communications on the Topologies . . . . . . . . . . . . . . 85

6.1.1 Nearest-neighbour Communication . . . . . . . . . . . . . 89 6.1.2 The Broadcast Operation . . . . . . . . . . . . . . . . . . 89 6.1.3 The Scatter Operation . . . . . . . . . . . . . . . . . . . . 92 6.1.4 Total-Exchange . . . . . . . . . . . . . . . . . . . . . . . . 95 6.2 Algorithms and Costs for the Parallel Implementations of Recognised Functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97 6.2.1 map . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98 6.2.2 fold . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99 6.2.3 scan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108 6.2.4 filter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118 6.2.5 inits and tails . . . . . . . . . . . . . . . . . . . . . . . . . 119 6.2.6 cross product . . . . . . . . . . . . . . . . . . . . . . . . . 122 6.2.7 composition . . . . . . . . . . . . . . . . . . . . . . . . . . 123 6.2.8 map2 and zip . . . . . . . . . . . . . . . . . . . . . . . . . 124 6.2.9 The iterative functions . . . . . . . . . . . . . . . . . . . . 124 6.2.10 split . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125 6.2.11 The Combinator R^k . . . . . . . . . . . . . . . . . . . . . 127 6.2.12 get neigh . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129 6.2.13 len . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137 6.2.14 select . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138 6.2.15 apply select . . . . . . . . . . . . . . . . . . . . . . . . . . 139 6.2.16 copy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140 6.2.17 reverse . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141 6.3 The 2-D Torus Topology . . . . . . . . . . . . . . . . . . . . . . . 143

Chapter 7 The Implementation Scheme and Example Programs 147 7.1 The Analyser . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

7.2 The Parallel Library . . . . . . . . . . . . . . . . . . . . . . . . . 149 7.2.1 Memory Allocation . . . . . . . . . . . . . . . . . . . . . . 150 7.2.2 In-line Expansion of Function Calls . . . . . . . . . . . . . 150 7.2.3 Distribution of Lists among Processors . . . . . . . . . . . 151 7.2.4 Parallel Implementations of Recognised Functions Involving Communication . . . . . . . . . . . . . . . . . . . . . . . . 154 7.3 Communication on the Hypercube . . . . . . . . . . . . . . . . . . 156 7.4 Example Programs . . . . . . . . . . . . . . . . . . . . . . . . . . 158 7.4.1 Matrix Multiplication . . . . . . . . . . . . . . . . . . . . . 160 7.4.2 Merge Sort . . . . . . . . . . . . . . . . . . . . . . . . . . 165 7.4.3 Jacobi Iteration . . . . . . . . . . . . . . . . . . . . . . . . 168 7.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

Chapter 8 Conclusions and Directions for Future Research 175 8.1 Thesis Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . 175 8.2 Contributions of Thesis . . . . . . . . . . . . . . . . . . . . . . . . 178 8.3 Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178 8.4 Avenues for Further Research . . . . . . . . . . . . . . . . . . . . 180

Bibliography 184

List of Figures

3.1 The Analysis and Implementation Scheme . . . . . . . . . . . . . 32

5.1 An Example of a Program Tree . . . . . . . . . . . . . . . . . . . 62 5.2 Program Tree for the Example . . . . . . . . . . . . . . . . . . . . 82 5.3 Search Tree for the Example . . . . . . . . . . . . . . . . . . . . . 83

6.1 Processor-numbering Schemes for the Four Topologies . . . . . . . 88

7.1 Scatter/Gather on a Hypercube . . . . . . . . . . . . . . . . . . . 158 7.2 Broadcast on a Hypercube . . . . . . . . . . . . . . . . . . . . . . 159 7.3 The Program Tree for Matrix Multiplication . . . . . . . . . . . . 160 7.4 The Results for Matrix Multiplication . . . . . . . . . . . . . . . . 163 7.5 The Results for Merge Sort . . . . . . . . . . . . . . . . . . . . . 167 7.6 The Results for Jacobi Iteration . . . . . . . . . . . . . . . . . . . 172