List of Figures

1.1 An Indirect Network for Multiprocessors ............................................. 2 1.2 A Direct Network for Multicomputers ................................................. 2 1.3 Organization of a Typical Communication Switch .............................. 3 1.4 A Switch with FIFO Input Buffers ....................................................... 5 1.5 A Switch with Multi-Queue Input Buffers ........................................... 7 1.6 A Switch with DAMQ Input Buffers .................................................... 7 2.1 A Shared-Bus Multiprocessor ............................................................... 12 2.2 A User-Resource Model of Shared Bus Arbitration ............................. 13 2.3 A Multiple-Bus Multiprocessor ............................................................ 15 2.4 A User-Resource Model of Multiple Bus Arbitration .......................... 16 2.5 A Multiprocessor Based on the Segmented Ring Bus .......................... 17 2.6 A User-Resource Model of Segmented Ring Bus Arbitration ............. 18 2.7 Two Different Buffer Designs .............................................................. 20 2.8 Four Alternative Buffer Designs for Communication Switches .......... 28 2.9 A Virtual Circuit ................................................................................... 34 2.10 A Multicomputer Node ....................................................................... 37 3.1 Switches with FIFO Buffers and DAMQ Buffers ................................ 40 3.2 A Crossbar Arbiter in Context .............................................................. 41 3.3 A User-Resource Model of Symmetric Crossbar Arbitration .............. 42

3.4 Example Arbitrations for FIFO and DAMQ Switches ......................... 43 3.5 A Two-Step Symmetric Crossbar Arbiter ............................................ 46 3.6 Normalized Throughput Based on Probabilistic Analysis ................... 48 3.7 A Skewed Two-Step Symmetric Crossbar Arbiter ............................... 50 3.8 Wave Front Symmetric Crossbar Arbitration ....................................... 51 3.9 A Wrapped Wave Front Symmetric Crossbar Arbiter ......................... 53 3.10 Probabilistic Analysis of Throughput for 2·2 Switches .................... 56 3.11 Probabilistic Analysis of Throughput for 4·4 Switches .................... 63 3.12 Probabilistic Analysis of Throughput for 8·8 Switches .................... 63 3.13 Probabilistic Analysis of Throughput for 16·16 Switches ................ 64 3.14 Probabilistic Analysis of Throughput for 64·64 Switches ................ 64 3.15 Average Latency of a 4·4 Switch ...................................................... 70 3.16 99th Percentile Latency of a 4·4 Switch ............................................ 70 3.17 Average Latency of a 64·64 Network ............................................... 71 3.18 99th Percentile Latency of a 64·64 Network ..................................... 72 3.19 The Impact of Input Buffer Size on Average Latency ....................... 73 3.20 The Impact of Input Buffer Size on 99th Percentile Latency ............. 74 3.21 The Impact of Switch Size .................................................................. 76 3.22 Performance of a 4·4 Switch in Asynchronous Networks I .............. 79 3.23 Performance of a 4·4 Switch in Asynchronous Networks II ............. 79 3.24 Performance of an Asynchronous 64·64 Network I .......................... 80 3.25 Performance of an Asynchronous 64·64 Network II ......................... 80

3.26 Performance of a 4·4 Switch in Asynchronous Networks III ............ 81 3.27 Performance of a 4·4 Switch in Asynchronous Networks IV ........... 81 3.28 Performance of an Asynchronous 64·64 Network III ....................... 82 3.29 Performance of an Asynchronous 64·64 Network IV ....................... 82 3.30 Performance of an Asynchronous 64·64 Network V ......................... 84 3.31 Performance of an Asynchronous 64·64 Network VI ....................... 84 3.32 Organization of a 2·2 Wave Front Arbiter ........................................ 85 3.33 Organization of a 2·2 Wrapped Wave Front Arbiter ......................... 86 3.34 An Arbitration Cell ............................................................................. 87 3.35 Horizontal and Vertical Priority Token Rings .................................... 88 3.36 The Floorplan of a 4·4 Crossbar with an Arbiter .............................. 89 3.37 VLSI Layout of a Single WFA Arbitration Cell ................................ 90 4.1 Base Network Latency vs. Switch Size I .............................................. 99 4.2 A 6·6 Decomposed Arbiter .................................................................. 101 4.3 Base Network Latency vs. Switch Size II ............................................ 105 4.4 Analysis for the Generalized Decomposed Arbitration ........................ 107 4.5 Optimal Switch Size vs. Arbitration Subarray Size ............................. 108 4.6 Average Latency of an 8·8 Switch ...................................................... 112 4.7 99th Percentile Latency of an 8·8 Switch ............................................ 112 4.8 Average Latency of a 16·16 Switch .................................................... 113 4.9 99th Percentile Latency of a 16·16 Switch .......................................... 113 4.10 Average Latency of a 32·32 Switch .................................................. 114

4.11 99th Percentile Latency of a 32·32 Switch ........................................ 114 4.12 Average Latency of a 64·64 Network ............................................... 115 4.13 99th Percentile Latency of a 64·64 Network ..................................... 115 4.14 Average Latency of a 256·256 Network ........................................... 117 4.15 99th Percentile Latency of a 256·256 Network ................................. 117 4.16 Organization of a 2·2 Wrapped Wave Front Arbiter ......................... 119 4.17 A 4·4 Decomposed Arbiter ................................................................ 120 4.18 An Arbitration Cell ............................................................................. 121 4.19 Logic Design of the Arbitration Cell .................................................. 121 4.20 The Impact of Varying the Number of Queues I ................................ 127 4.21 The Impact of Varying the Number of Queues II .............................. 127 4.22 The Impact of Varying the Number of Queues III ............................. 128 4.23 The Impact of Varying the Number of Queues IV ............................. 128 5.1 A 2·2 Starvation-Free Wrapped Wave Front Arbiter .......................... 134 5.2 An Example of Starvation .................................................................... 136 5.3 Average Latency of a 4·4 Switch I ...................................................... 140 5.4 99th Percentile Latency of a 4·4 Switch I ........................................... 140 5.5 Comparison of SGR Arbiters and CGR Arbiters ................................. 141 5.6 Average Latency of a 2·2 Switch ........................................................ 142 5.7 Average Latency of an 8·8 Switch ...................................................... 142 5.8 Average Latency of a 16·16 Network I ............................................... 143 5.9 99th Percentile Latency of a 16·16 Network I ..................................... 143

5.10 A Nonuniform Traffic Pattern for a 4·4 Switch ................................ 145 5.11 The Impact of Starvation Prevention I ............................................... 146 5.12 The Impact of Starvation Prevention II .............................................. 147 5.13 The Performance Impact of Different Arbiters I ................................ 147 5.14 The Performance Impact of Different Arbiters II ............................... 149 5.15 The Performance Impact of Different Arbiters III ............................. 149 5.3 Average Latency of a 4·4 Switch II ..................................................... 151 5.4 99th Percentile Latency of a 4·4 Switch II .......................................... 151 5.18 A Nonuniform Traffic Pattern for a 4·4 Switch II ............................. 152 5.19 The Performance Impact of Different Arbiters IV ............................. 152 5.21 The Performance Impact of Different Arbiters V .............................. 153 5.19 The Performance Impact of Different Arbiters VI ............................. 153 5.22 A Nonuniform Traffic Pattern for a 16·16 Network ......................... 155 5.23 Sender Throughput of a 16·16 Network ............................................ 157 5.24 Sender Latency of a 16·16 Network .................................................. 157 5.25 Average Latency of a 16·16 Network II ............................................ 159 5.26 99th Percentile Latency of a 16·16 Network II ................................. 159 5.27 Organization of a 2·2 SGR-kArbiter ................................................. 162 5.28 An SGR-kArbiter ............................................................................... 162 5.29 Detailed Logic Design of the Arbitration Cell ................................... 164 5.30 The Floorplan of a 4·4 Crossbar and the SGR-32 Arbiter ................. 164 6.1 A Path Using Dimension-Order Routing .............................................. 167

6.2 A Path Using Minimal Adaptive Routing ............................................ 168 6.3 A Path Using Non-minimal Adaptive Routing ..................................... 169 6.4 Arbitration in an Adaptive Routing Switch .......................................... 170 6.5 Arbitration Model for Adaptive Routing .............................................. 171 6.6 Two-Phase Arbitration in an Adaptive Routing Switch ....................... 172 6.7 An Arbiter Supporting High-Priority Traffic ....................................... 175 6.8 The Arbitration Cell Supporting High-Priority Traffic ........................ 177 6.9 Logic Design of the Arbitration Cell .................................................... 178