Table of Contents

Chapter One - Introduction ......................................................................... 1 1.1. Hierarchically Managed DSM ............................................................ 4 1.2. Reliable DSM ..................................................................................... 5 1.3. Organization of this Work .................................................................. 6 Chapter Two - Distributed Shared Memory Issues ................................ 8 2.1. Consistency ......................................................................................... 9 2.2. Coherency ........................................................................................... 12 2.3. System Reliability through Fault Tolerance ....................................... 16 2.4. Storage Overhead for Coherency Management

in DSM Systems .................................................................................... 20 2.5. Implementations of DSM Systems ..................................................... 21 Chapter Three - Hierarchical Management of DSM systems .............. 27 3.1. Single-Level Management of DSM .................................................... 29 3.1.1. Management at the Granularity of ‘‘Pages .............................. 31 3.1.2. Management at the Granularity of ‘‘Cache Blocks ................. 32 3.1.3. Limited Copy Directories ........................................................ 33 3.1.4. Storage Overhead Example ...................................................... 37 3.2. Hierarchical Management of Distributed Shared Memory ................ 37 3.2.1. The Two-Level Management Scheme ..................................... 38

3.2.2. The Copy Directory ................................................................. 42 3.2.3. Storage Overhead of the Two-Level

Management Scheme .................................................................. 45 3.3. Related Work ...................................................................................... 47 Chapter Four - An Implementation of Hierarchically Managed DSM ..................................................................... 50 4.1. Memory Management Unit design ..................................................... 51 4.1.1. Present Pages Table and Shared Pages Table .......................... 55 4.1.2. Block Map per Processor Copy Directory ............................... 59 4.2. Distributed Directory Coherence Protocol Design Issues .................. 62 4.2.1. Deadlock .................................................................................. 64 4.2.2. Handling of Race Conditions ................................................... 69 4.2.2.1. Race Conditions in DSM Systems ............................. 73 4.2.2.2. DSM Coherency based on

Bilateral Exchanges ....................................................... 77 4.2.3. Necessity of Transient Block States ........................................ 79 4.2.4. Handling of Write Requests ..................................................... 86 4.3. A Coherence Protocol for Hierarchically Managed DSM .................. 88 4.3.1. Protocol Ownerships ................................................................ 89 4.3.2. Page and Block States .............................................................. 90 4.3.3. Protocol Messages .................................................................... 94 4.3.4. The Flow of Protocol Actions During Reads, Writes and Replacements ....................................................................... 96 4.3.4.1. Anatomy of a Read Request ....................................... 100 4.3.4.2. Anatomy of a Write Request ...................................... 108 4.3.4.3. Anatomy of a Replacement ........................................ 116 4.4. Simulation of Our DSM System Design ............................................ 123 4.4.1. Implementation of a Simple Trace-Driven Simulator ............. 125 4.4.2. Implementation of an Execution-Driven Simulator ................. 126 4.4.2.1. The Proteus Simulation Environment ........................ 127 4.4.2.2. Implementation of Hierarchically Managed DSM on Proteus ...................................................................... 131 Chapter Five - Evaluation of Hierarchically Managed DSM ............... 137 5.1. Evaluation based on Execution-driven Simulation ............................ 138 5.1.1. One-level Scheme Implementation .......................................... 143 5.1.2. Application Benchmarks .......................................................... 146 5.1.3. Measurement of the Shared Working Set Size ........................ 155 5.1.4. Measurement of the Effectiveness of the Copy Directory Organization ................................................................................ 158 5.1.5. Performance Comparison Between the Hierarchical and One-Level Schemes .................................................................... 163 5.1.6. Characterization and Measurement of Non-Local Read and Write Accesses ............................................................................ 170 5.1.6.1. Measurement of the Miss Rate of

Shared Accesses ............................................................ 172 5.1.6.2. Classification of Protocol Flows Used to Satisfy Non-Local Requests ...................................................... 178 5.1.6.3. Breakdown of Non-Local Requests by

Hop-Sequence Type of Protocol Flow .......................... 188 5.1.6.4. Breakdown of Non-Local Request Latency ............... 198 5.1.7. Profile of Execution Time ........................................................ 215 5.2. Evaluation based on Trace-driven Simulation ................................... 221 Chapter Six - Error Recovery for Distributed Shared Memory Systems ...................................................................................... 231 6.1. Coordinated Checkpointing and Rollback .......................................... 233 6.2. System Model and Assumptions ........................................................ 235 6.3. Coordinated Checkpointing and Rollback for DSM Systems ............ 236 6.3.1. Tracking Interprocess Communication .................................... 237 6.3.2. Transactions in Progress when Checkpointing or

Rollback are Initiated .................................................................. 239 6.3.3. Checkpointing .......................................................................... 242 6.3.4. Recovery .................................................................................. 245 6.3.4.1. State Restoration ........................................................ 246 6.3.4.2. Directory Repair ......................................................... 249 6.4. Coordinated Checkpoint and Rollback for Hierarchical

DSM Systems ........................................................................................ 251

6.4.1. The Hierarchical DSM System ................................................ 252 6.4.2. Tracking Interprocess Communication .................................... 253 6.4.3. Handling of Pending Transactions ........................................... 255 6.4.4. Checkpointing and Recovery of Process States ....................... 256 6.4.5. Directory Repair ....................................................................... 257 6.5. Previous DSM Recovery Schemes ..................................................... 261 6.6. Evaluation ........................................................................................... 263 6.6.1. Results for the Block-Level DSM system ............................... 265 6.6.2. Results for the Hierarchical DSM System ............................... 267 Chapter Seven - Summary ........................................................................... 273 Bibliography ...................................................................................................... 277