CONTENTS

1 INTRODUCTION 1 1.1 Motivation 2 1.2 Why study vector architectures ? 4 1.3 The performance gap 5 1.4 Superscalar architectures and the latency problem 7 1.5 Vector Architectures and the latency problem 10 1.6 Dynamic Instruction Scheduling 11 1.7 Spill Code 12 1.8 Thesis Overview 14 1.8.1 Structure of this work 16

2 PLATFORM, TOOLS AND BENCHMARKS 19 2.1 Introduction 20 2.2 What is a traditional vector architecture ? 20 2.3 Platform: Convex C3400 22 2.3.1 Hardware Description 22 2.3.2 Compiler Description 25 2.4 Reference Architecture Model 25 2.5 Simulation Environment 29 2.5.1 Tracing tool: Dixie 29 2.5.2 Parameterizable simulator: Jinks 30 2.6 Benchmark Set 31

3 INSTRUCTION LEVEL CHARACTERIZATION 35 3.1 Introduction 36

xv xvi Advanced Vector Architectures

3.2 Instruction and Operation Counts 37 3.3 Detailed operation breakdown 40 3.4 Vector Length Distributions 42 3.5 Vector Spill Code 44 3.5.1 Example Cases of Spill Code 46 3.6 Performance Limits 47 3.7 Related Work 51 3.8 Summary 52

4 INSTRUCTION LEVEL PARALLELISM 55 4.1 Introduction 56 4.2 Effects of memory latency 57 4.3 Instruction Level Parallelism 60 4.4 Limitations to ILP 63 4.4.1 Compute-bound and Memory-bound loops 63 4.4.2 Hazards 66 4.5 Time Evolution of ILP 71 4.6 Execution cost of vector spill code 75 4.7 Related Work 76 4.8 Summary 78

5 DECOUPLED VECTOR ARCHITECTURE 79 5.1 Introduction 80 5.2 The Decoupled Vector Architecture (DVA) 82 5.3 Performance of the DVA 85 5.3.1 UDVA performance 86 5.3.2 Reducing Instruction Queue Length 88 5.3.3 Effects of branch prediction 89 5.3.4 Reducing the vector queues length 91 5.3.5 Reducing the scalar queues 97 5.3.6 Effects of functional unit latencies 98 5.3.7 RDVA versus REF 100 5.4 Dynamic Load/Store Elimination 101 5.4.1 Detection of redundant memory operations 102

Contents xvii

5.4.2 Load Elimination 104 5.4.3 Traffic Reduction from Load Elimination 106 5.4.4 Store Elimination 109 5.4.5 Traffic Reduction from Store Elimination 112 5.4.6 Traffic Reduction from Keeping Clean Stores 113 5.4.7 A Case Study: trfd 115 5.4.8 Speedup 117 5.5 Related Work 119 5.6 Summary 121

6 OUT-OF-ORDER VECTOR ARCHITECTURE 123 6.1 Introduction 124 6.2 The Dynamic Out-of-Order Vector Architecture (OOOVA) 126 6.3 Performance Results 131 6.3.1 Performance of the OOOVA 131 6.3.2 Tolerance of Memory Latencies 134 6.4 Implementing Precise Exceptions 137 6.5 Dynamic Load Elimination 140 6.5.1 Renaming under Dynamic Load Elimination 141 6.5.2 Pipeline modifications 142 6.5.3 Implementation Notes 143 6.5.4 Performance of dynamic load elimination 144 6.5.5 Caching Loads to improve DLE 146 6.5.6 Traffic Reduction 147 6.6 Related Work 148 6.7 Summary 149

7 MULTITHREADED VECTOR ARCHITECTURE 151 7.1 Introduction 152 7.2 The Multithreaded Vector Architecture (MVA) 153 7.3 Simulation Strategy 155 7.4 Performance of the Multithreaded Vector Architecture 157 7.4.1 Speedup 158 7.4.2 Memory Port Usage 159 xviii Advanced Vector Architectures

7.4.3 Vector Operations per cycle 160 7.5 Varying Memory Latency 161 7.6 Effects of increasing the size of the register crossbars 164 7.7 Multithreading versus replicating the scalar processor 165 7.8 Related work 166 7.9 Summary and Future Work 168

8 A VICTIM CACHE FOR VECTOR REGISTERS 171 8.1 Introduction 172 8.2 Spill Code in Vector Programs 173 8.3 Victim Cache for Registers 174 8.4 Examples of Traffic Elimination 176 8.5 Victim Cache Parameters 179 8.6 Performance Results 179 8.6.1 Write-Through Victim Cache 179 8.6.2 Write-Back Victim Cache 185 8.7 Effects of Main Memory Latency 188 8.8 Related Work 189 8.9 Conclusions 190

9 CONCLUSIONS AND FUTURE WORK 193 9.1 Dynamic Scheduling 194 9.2 Spill Code 199 9.3 Future Work 202

A A SURVEY OF TRADITIONAL VECTOR ARCHITECTURES 205

LIST OF FIGURES 209

LIST OF TABLES 214

REFERENCES 215