Process Placement for Distributed Computations by

Harry Ivor Rubin

B.A. (University of Minnesota) 1980

A dissertation submitted in partial satisfaction of the requirements for the degree of Doctor of Philosophy in Computer Science

in the GRADUATE DIVISION of the UNIVERSITY of CALIFORNIA at BERKELEY

Committee in charge: Professor Domenico Ferrari, Chair Professor Chittoor V. Ramamoorthy Professor Charles A. O’Reilly

1992

The dissertation of Harry Ivor Rubin is approved:

hhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhh

Professor Domenico Ferrari, Chair Date hhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhh

Professor Chittoor V. Ramamoorthy Date hhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhh

Professor Charles A. O’Reilly Date

University of California at Berkeley

1992

Process Placement for Distributed Computations

Copyright � 1992 by Harry Ivor Rubin All Rights Reserved

ABSTRACT

Process Placement for Distributed Computations by Harry Ivor Rubin

Doctor of Philosophy in Computer Science

University of California at Berkeley

Professor Domenico Ferrari, Chair

The processes of a distributed computation can be assigned to the processing nodes of a distributed computer system in many different ways. The choice of how many processes to execute on each node (the arrangement), and which specific processes to execute on each node (the configuration), usually have a significant effect on the execution time of the distributed computation. The goal of this research is to find an effective and efficient placement procedure for homogeneous, loosely-coupled distributed systems.

We simulated all possible combinations of program characteristics, and studied how the characteristics influence the performance of various arrangements and configurations.

We show that the numbers of arrangements and configurations quickly grow very large as the numbers of processes and processing nodes increase; the numbers are too large to handle on any ad hoc basis. Since the differences in response time between configurations can be very large, it is worthwhile to find and use good placement procedures.

Over a variety of different approaches to selecting the fastest configuration, we consistently found that the CPU demands of the processes determine which configuration will be fastest, and that these demands can be used to make fairly good placement decisions.

Processes spend far more time waiting for other processes to send them messages than they spend waiting for those messages to travel through the communication network, even in extremely communication-intensive programs. This means that speeding up computation is much more important in improving response time than is speeding up communication.

In all the situations we have studied, spreading out the CPU demand of the processes as much and as evenly as possible, using as many processing nodes as are available, leads to the fastest response time. While this has been widely believed, it had not previously been demonstrated or quantified. We believe this is the best approach to making placement decisions for any numbers of processes and processing nodes.

Approved by:

hhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhh

Professor Domenico Ferrari Date

Acknowledgements

Thanks to Ethan Munson for help with the statistical analyses; Ethan gave most generously of his time and expertise. Thanks also to Jim Propp for recommending Enumerative Combinatorics by Richard Stanley.

My graduate advisor, Domenico Ferrari, has stood by me through it all. He deserves many thanks for his help, advice, and support.

I would like to thank all those in the U.C.–Berkeley Computer Science Division who have made my time here educational and enjoyable. I want to especially thank my fellow graduate students and friends.

Thanks, too, to the communities of which I have been a part. I could not have accomplished this without the love and support of my parents and my sisters. They have my deepest thanks for everything.

My thanks to Wendy, for what we shared together, and for caring about me. To Lael, who has meant so much to me, many thanks for the support, for the encouragement, for so much else, and most of all, for caring about me.

Abridged Table of Contents

CHAPTER 1: INTRODUCTION ............................................................................................................. 1

1-1. Introduction and Research Goals ........................................................................................................ 1

1-2. Plan of the Thesis ................................................................................................................................ 2

1-3. The Environment in which the Problem Occurs ................................................................................ 2

1-4. Multi-Process Programs ....................................................................................................................... 3

1-5. Measure of Performance ...................................................................................................................... 4

1-6. Research Goals and Non-Goals ........................................................................................................... 4

1-7. The Approach ....................................................................................................................................... 5

1-8. Characteristics to Use in Placement Decisions .................................................................................. 6

CHAPTER 2: PREVIOUS WORK ......................................................................................................... 8

2-1. Introduction ........................................................................................................................................... 8

2-2. Is Distributed Processing Worthwhile? ............................................................................................. 8

2-3. Computing Optimal Placements .......................................................................................................... 9

2-4. Heuristic Placement Algorithms .......................................................................................................... 12

2-5. Other Approaches: Theoretical Behaviour Models and Compile-Time Placement ........................ 13

2-6. Scheduling Multiprogrammed Multiprocessors ................................................................................... 14

2-7. Highly Parallel Computations .............................................................................................................. 15

2-8. The Characteristics of Processes in Distributed Programs ................................................................ 16

2-9. Summary ............................................................................................................................................... 17

CHAPTER 3: ARRANGEMENTS AND CONFIGURATIONS ......................................................... 18

3-1. Defining Situations, Usages, Arrangements, and Configurations ...................................................... 18

3-2. Counting Arrangements and Configurations ....................................................................................... 19

3-3. Summary ............................................................................................................................................... 28

CHAPTER 4: THE EXPERIMENTAL DESIGN AND SET-UP ....................................................... 29

4-1. Introduction ........................................................................................................................................... 29

4-2. The Grids .............................................................................................................................................. 29

4-3. Experiment Sets .................................................................................................................................... 31

4-4. Cases and Case Labels ......................................................................................................................... 32

4-5. Generating Traces and Action Types .................................................................................................. 32

4-6. Repetitions and Runs ........................................................................................................................... 32

4-7. Running Experiments ........................................................................................................................... 33

4-8. Proportions of Action Types, Comprehensiveness of Grids, and Isobars ........................................ 33

4-9. Grid Coordinates and Service Times .................................................................................................. 36

4-10. Summary ............................................................................................................................................. 41

CHAPTER 5: THE CARNIVAL SIMULATOR SUITE ...................................................................... 42

5-1. Introduction ........................................................................................................................................... 42

5-2. The Carnival Simulator ........................................................................................................................ 42

5-3. GENACTIONS: Generating Trace Files ........................................................................................... 53

5-4. GGAP: Grid Coordinates and Action Probabilities .......................................................................... 58

5-5. The SUM Program: Summarizing Traces ......................................................................................... 60

5-6. Consecutive Execute Actions .............................................................................................................. 62

5-7. Traces and Trace Lengths .................................................................................................................... 69

5-8. Summary ............................................................................................................................................... 69

CHAPTER 6: TWO PROCESSES .......................................................................................................... 70

6-1. Introduction ........................................................................................................................................... 70

6-2. The Experiment Sets and the Winning Configurations (Experiment Sets N, P, R) ........................ 70

6-3. Response Times .................................................................................................................................... 75

6-4. Differences between TOGETHER and APART Response Times .................................................... 77

6-5. Relative Differences in Response Times ............................................................................................ 78

6-6. The Always-APART Policy ................................................................................................................. 82

6-7. Statistical Analyses ............................................................................................................................... 84

6-7.1. Introduction ................................................................................................................................ 84

6-7.2. The Variables ............................................................................................................................. 84

6-7.3. Predicting t^{diff} ............................................................................................................................. 89

6-7.4. The Synchronization Proportionality Factor (SPF) ................................................................. 97

6-8. Using the Results of the Statistical Analyses: PRED1 and PRED4 ............................................... 99

6-9. Experiment Set S .................................................................................................................................. 107

6-10. Experiment Set T ............................................................................................................................... 110

6-11. Summary of Two-Process Work ....................................................................................................... 114

CHAPTER 7: THREE PROCESSES ...................................................................................................... 118

7-1. Introduction ........................................................................................................................................... 118

7-1.1. 3x3 Arrangements and Configurations ..................................................................................... 118

7-1.2. 3x2 Arrangements and Configurations ..................................................................................... 119

7-1.3. Experiment Sets (Experiment Sets U and V) .......................................................................... 119

7-2. Three Processes with Three Processors (3x3) .................................................................................... 120

7-3. Three Processes with Two Processors (3x2) ...................................................................................... 136

7-3.1. Introduction ................................................................................................................................ 136

7-3.2. Response Time Differences Between Loners .......................................................................... 137

7-3.3. Matching .................................................................................................................................... 138

7-3.4. Attractive and Repulsive Forces ............................................................................................... 154

7-3.5. Conclusions About Set V as a 3x2: Finding the Best Loner ............................................... 158

7-3.6. Set U as 3x2 .............................................................................................................................. 159

7-3.7. Conclusions About Sets U and V as 3x2: Finding the Best Loner ..................................... 161

7-4. Regions of the Grid ............................................................................................................................. 161

7-4.1. Introduction ................................................................................................................................ 161

7-4.2. The Sci and VSci Regions ....................................................................................................... 162

7-4.3. Experiment Set W ..................................................................................................................... 165

7-4.4. The LR Region .......................................................................................................................... 167

7-5. Summary of Three-Process Work ....................................................................................................... 170

CHAPTER 8: FOUR PROCESSES ......................................................................................................... 174

8-1. Introduction ........................................................................................................................................... 174

8-2. Arrangements and Configurations ....................................................................................................... 174

8-3. Experiment Sets .................................................................................................................................... 175

8-4. Four Processes with Four Processors (4x4) ........................................................................................ 176

8-5. Four Processes with Three Processors (4x3) ...................................................................................... 182

8-6. Four Processes with Two Processors (4x2) ........................................................................................ 192

8-7. The CR-Even Approach ....................................................................................................................... 194

8-8. Marginal Advantage of Adding One Processor ................................................................................. 203

8-9. Maximum Number of Processes Collocated on a Processing Node ................................................. 211

8-10. Experiment Set B ............................................................................................................................... 213

8-11. Summary of Four-Process Work ....................................................................................................... 215

CHAPTER 9: CONCLUSIONS AND FUTURE WORK ..................................................................... 218

9-1. Numbers of Arrangements and Configurations .................................................................................. 218

9-2. Experimental Design ............................................................................................................................ 218

9-3. Differences in Performance ................................................................................................................. 218

9-4. CPU Service Determines Best Configuration ..................................................................................... 219

9-5. Maximum Number of Processes Collocated on a Processing Node ................................................. 220

9-6. The Always-APART Placement Policy .............................................................................................. 221

9-7. Spreading Out the CPU Demand ........................................................................................................ 221

9-8. Marginal Advantage of Adding One Processor ................................................................................. 222

9-9. Future Work .......................................................................................................................................... 222

REFERENCES ............................................................................................................................................. 224

Complete Table of Contents

CHAPTER 1: INTRODUCTION ............................................................................................................. 1 1-1. Introduction and Research Goals ........................................................................................................ 1 1-2. Plan of the Thesis ................................................................................................................................ 2 1-3. The Environment in which the Problem Occurs ................................................................................ 2 1-3.1. Introduction ................................................................................................................................ 2 1-3.2. Distributed Systems ................................................................................................................... 2 1-3.3. Processes .................................................................................................................................... 3 1-3.4. Inter-Process Communication ................................................................................................... 3 1-4. Multi-Process Programs ....................................................................................................................... 3 1-4.1. Our Model of Multi-Process Programs .................................................................................... 3 1-4.2. The Multi-Process Programs We are Modelling ..................................................................... 4 1-5. Measure of Performance ...................................................................................................................... 4 1-6. Research Goals and Non-Goals ........................................................................................................... 4 1-7. The Approach ....................................................................................................................................... 5 1-8. Characteristics to Use in Placement Decisions .................................................................................. 6

CHAPTER 2: PREVIOUS WORK ......................................................................................................... 8 2-1. Introduction ........................................................................................................................................... 8 2-2. Is Distributed Processing Worthwhile? ............................................................................................. 8 2-3. Computing Optimal Placements .......................................................................................................... 9 2-3.1. Optimal Placement of Serially Parallel Programs: Stone and Bokhari ................................ 9 2-3.2. Optimal Placement in Random Programs: Indurkhya et al. and Nicol ................................ 11 2-4. Heuristic Placement Algorithms .......................................................................................................... 12 2-5. Other Approaches: Theoretical Behaviour Models and Compile-Time Placement ........................ 13 2-5.1. Theoretical Behaviour Models .................................................................................................. 13 2-5.2. Compile-Time Placement .......................................................................................................... 13 2-6. Scheduling Multiprogrammed Multiprocessors ................................................................................... 14 2-7. Highly Parallel Computations .............................................................................................................. 15 2-8. The Characteristics of Processes in Distributed Programs ................................................................ 16 2-9. Summary ............................................................................................................................................... 17

CHAPTER 3: ARRANGEMENTS AND CONFIGURATIONS ......................................................... 18 3-1. Defining Situations, Usages, Arrangements, and Configurations ...................................................... 18 3-2. Counting Arrangements and Configurations ....................................................................................... 19 3-2.1. Counting the Number of Arrangements ................................................................................... 19 3-2.2. Counting the Number of Configurations .................................................................................. 23 3-2.3. Counting the Number of Configurations Per Arrangement .................................................... 27 3-3. Summary ............................................................................................................................................... 28

CHAPTER 4: THE EXPERIMENTAL DESIGN AND SET-UP ....................................................... 29 4-1. Introduction ........................................................................................................................................... 29 4-2. The Grids .............................................................................................................................................. 29 4-3. Experiment Sets .................................................................................................................................... 31 4-4. Cases and Case Labels ......................................................................................................................... 32

4-5. Generating Traces and Action Types .................................................................................................. 32 4-6. Repetitions and Runs ........................................................................................................................... 32 4-7. Running Experiments ........................................................................................................................... 33 4-8. Proportions of Action Types, Comprehensiveness of Grids, and Isobars ........................................ 33 4-9. Grid Coordinates and Service Times .................................................................................................. 36 4-9.1. Introduction ................................................................................................................................ 36 4-9.2. Sum of Execution Times .......................................................................................................... 37 4-9.3. CPU Service Time .................................................................................................................... 37 4-9.4. I/O Service Time ....................................................................................................................... 39 4-9.5. Summary of Grid Coordinates and Service Times ................................................................. 41 4-10. Summary ............................................................................................................................................. 41

CHAPTER 5: THE CARNIVAL SIMULATOR SUITE ...................................................................... 42 5-1. Introduction ........................................................................................................................................... 42 5-2. The Carnival Simulator ........................................................................................................................ 42 5-2.1. Introduction ................................................................................................................................ 42 5-2.2. General Overview ...................................................................................................................... 43 5-2.3. Initialization ............................................................................................................................... 44 5-2.3.1. The Parameter File ......................................................................................................... 44 5-2.3.2. CPU Speed Declarations ................................................................................................ 44 5-2.3.3. Process Assignments ...................................................................................................... 45 5-2.4. Simulation .................................................................................................................................. 45 5-2.4.1. The Life of a Process .................................................................................................... 45 5-2.4.2. The Action Trace File .................................................................................................... 45 5-2.4.3. Actions ............................................................................................................................ 46 5-2.4.3.1. Execute Actions ................................................................................................... 46 5-2.4.3.2. Input/Output Actions ........................................................................................... 46 5-2.4.3.3. Send Actions ........................................................................................................ 47 5-2.4.3.4. Receive Actions ................................................................................................... 48 5-2.4.3.5. Terminate Actions ............................................................................................... 48 5-2.4.4. The Facilities .................................................................................................................. 48 5-2.4.4.1. Simulating the CPUs ........................................................................................... 48 5-2.4.4.2. Simulating Communication ................................................................................. 49 5-2.5. Output Reports ........................................................................................................................... 50 5-2.5.1. Reports on Use of Facilities .......................................................................................... 50 5-2.5.1.1. The Data Reported .............................................................................................. 50 5-2.5.1.2. Data Collection and Computation of Statistics .................................................. 50 5-2.5.1.3. Report on CPU Use ............................................................................................ 51 5-2.5.1.4. Report on I/O Facility Use ................................................................................. 51 5-2.5.1.5. Report on Communication Facility Use ............................................................. 51 5-2.5.2. Reports on Communication Activity ............................................................................. 52 5-2.5.2.1. Message Counts ................................................................................................... 52 5-2.5.2.2. Receive Waiting Times ....................................................................................... 52 5-2.5.2.3. End-to-End Communication Times .................................................................... 52 5-2.6. Summary .................................................................................................................................... 53 5-3. GENACTIONS: Generating Trace Files ........................................................................................... 53 5-3.1. Introduction ................................................................................................................................ 53 5-3.2. The Action File ......................................................................................................................... 53

5-3.3. General Operation ..................................................................................................................... 53 5-3.4. Choosing the Process ................................................................................................................ 54 5-3.5. Selecting the Action Type ........................................................................................................ 54 5-3.6. The TermSync Feature .............................................................................................................. 55 5-3.7. Generating Action Parameters .................................................................................................. 56 5-3.8. Random Number Streams ......................................................................................................... 57 5-3.8.1. Introduction ..................................................................................................................... 57 5-3.8.2. GENACTIONS’ Use of Random Numbers .................................................................. 57 5-3.8.3. Generating Multiple Streams of Random Numbers ..................................................... 58 5-4. GGAP: Grid Coordinates and Action Probabilities .......................................................................... 58 5-4.1. Introduction ................................................................................................................................ 58 5-4.2. Purpose of GGAP ...................................................................................................................... 58 5-4.3. How GGAP Operates ................................................................................................................ 59 5-4.4. Summary .................................................................................................................................... 60 5-5. The SUM Program: Summarizing Traces ......................................................................................... 60 5-6. Consecutive Execute Actions .............................................................................................................. 62 5-6.1. Introduction ................................................................................................................................ 62 5-6.2. Terminology ............................................................................................................................... 63 5-6.3. Number and Size of Consecutive Execute Strings ................................................................. 63 5-6.3.1. Set V ............................................................................................................................... 63 5-6.3.2. Set U ............................................................................................................................... 65 5-6.4. Comparing Simulation Outcomes ............................................................................................. 68 5-6.5. Conclusions ................................................................................................................................ 69 5-7. Traces and Trace Lengths .................................................................................................................... 69 5-8. Summary ............................................................................................................................................... 69

CHAPTER 6: TWO PROCESSES .......................................................................................................... 70 6-1. Introduction ........................................................................................................................................... 70 6-1.1. Arrangements and Configurations ............................................................................................ 70 6-2. The Experiment Sets and the Winning Configurations ...................................................................... 70 6-2.1. Experiment Set N ...................................................................................................................... 70 6-2.2. Experiment Set P ....................................................................................................................... 71 6-2.3. Experiment Set R ...................................................................................................................... 72 6-2.3.1. The Transition Zone in Set R ....................................................................................... 73 6-2.4. Where Real Distributed Programs Fall in the Grid ................................................................ 74 6-3. Response Times .................................................................................................................................... 75 6-3.1. Response Times in Set N ......................................................................................................... 75 6-3.2. Response Times in Set R ......................................................................................................... 76 6-3.3. Summary .................................................................................................................................... 77 6-4. Differences between TOGETHER and APART Response Times .................................................... 77 6-5. Relative Differences in Response Times ............................................................................................ 78 6-6. The Always-APART Policy ................................................................................................................. 82 6-6.1. Introduction ................................................................................................................................ 82 6-6.2. Pros and Cons ............................................................................................................................ 82 6-6.3. Analysis ...................................................................................................................................... 82 6-6.4. Conclusions ................................................................................................................................ 83 6-7. Statistical Analyses ............................................................................................................................... 84 6-7.1. Introduction ................................................................................................................................ 84

6-7.2. The Variables ............................................................................................................................. 84 6-7.2.1. Summary Variables ........................................................................................................ 84 6-7.2.2. Execution Behaviour Variables ..................................................................................... 85 6-7.2.3. Computation-to-Communication Ratios (CCRs) ........................................................... 86 6-7.2.3.1. Estimates of Computation used in the CCRs .................................................... 87 6-7.2.3.2. Estimates of Communication used in the CCRs ............................................... 88 6-7.3. Predicting t_{diff} ............................................................................................................................. 89 6-7.3.1. Introduction ..................................................................................................................... 89 6-7.3.2. The Reduced Set of Seventeen Variables ..................................................................... 89 6-7.3.3. Analyzing the Set of Seventeen Variables ................................................................... 90 6-7.3.4. The Further Reduced Set of Four Variables ................................................................ 92 6-7.3.5. One Variable ................................................................................................................... 94 6-7.3.6. Summary of the Three Sets of Variables ..................................................................... 94 6-7.3.7. Other Analyses ............................................................................................................... 95 6-7.3.7.1. Other Measures of CPU Requirement ............................................................... 95 6-7.3.7.2. CCR3 Alone ........................................................................................................ 95 6-7.3.7.3. The CCR Plus One Variables ............................................................................. 95 6-7.3.7.4. Percentage of Communication ............................................................................ 96 6-7.3.7.5. Waiting Time ....................................................................................................... 96 6-7.3.7.6. Elapsed Time Variables ...................................................................................... 96 6-7.4. The Synchronization Proportionality Factor (SPF) ................................................................. 97 6-7.4.1. Introduction ..................................................................................................................... 98 6-7.4.2. Results ............................................................................................................................. 98 6-7.4.3. Conclusions ..................................................................................................................... 99 6-8. Using the Results of the Statistical Analyses: PRED1 and PRED4 ............................................... 99 6-8.1. Introduction: the PRED1 and PRED4 Programs ................................................................... 99 6-8.2. Results of Predictions ................................................................................................................ 101 6-8.3. Hits and Misses ......................................................................................................................... 103 6-8.4. Summary .................................................................................................................................... 106 6-9. Experiment Set S .................................................................................................................................. 107 6-9.1. Introduction ................................................................................................................................ 107 6-9.2. Traces ......................................................................................................................................... 107 6-9.3. Winning Configurations ............................................................................................................ 108 6-9.4. Statistical Analysis .................................................................................................................... 109 6-9.5. Set S Compared to a Subset of Set R ..................................................................................... 110 6-9.6. Conclusions ................................................................................................................................ 110 6-10. Experiment Set T ............................................................................................................................... 110 6-10.1. Introduction .............................................................................................................................. 110 6-10.2. Traces ....................................................................................................................................... 111 6-10.3. Winning Configurations .......................................................................................................... 112 6-10.4. Response Times ....................................................................................................................... 112 6-10.4.1. Mean Response Times ................................................................................................. 112 6-10.4.2. Linear Increase in Response Times ............................................................................ 112 6-10.5. Response Time Differences .................................................................................................... 113 6-10.6. Conclusions .............................................................................................................................. 114 6-11. Summary of Two-Process Work ....................................................................................................... 114 6-11.1. Arrangements and Configurations .......................................................................................... 115 6-11.2. Experiment Sets N, P, and R ................................................................................................. 115

6-11.3. Response Time and Response Time Differences .................................................................. 115 6-11.4. Statistical Analyses .................................................................................................................. 115 6-11.5. PRED1 and PRED4 ................................................................................................................ 116 6-11.6. Experiment Set S ..................................................................................................................... 116 6-11.7. Experiment Set T .................................................................................................................... 117

CHAPTER 7: THREE PROCESSES ...................................................................................................... 118 7-1. Introduction ........................................................................................................................................... 118 7-1.1. 3x3 Arrangements and Configurations ..................................................................................... 118 7-1.1.1. 3x3 Arrangements .......................................................................................................... 118 7-1.1.2. 3x3 Configurations ......................................................................................................... 119 7-1.2. 3x2 Arrangements and Configurations ..................................................................................... 119 7-1.3. Experiment Sets ......................................................................................................................... 119 7-1.3.1. Introduction ..................................................................................................................... 119 7-1.3.2. Experiment Set U ........................................................................................................... 119 7-1.3.3. Experiment Set V ........................................................................................................... 120 7-2. Three Processes with Three Processors (3x3) .................................................................................... 120 7-2.1. Introduction ................................................................................................................................ 120 7-2.2. Experiment Set U as 3x3 .......................................................................................................... 120 7-2.2.1. Introduction ..................................................................................................................... 120 7-2.2.2. Winning Configurations ................................................................................................. 120 7-2.2.3. Response Times .............................................................................................................. 121 7-2.2.4. Relative Differences ....................................................................................................... 122 7-2.2.4.1. Introduction .......................................................................................................... 122 7-2.2.4.2. Step Differences .................................................................................................. 122 7-2.2.4.3. Best/Order Differences ........................................................................................ 123 7-2.2.4.4. The Effect of Dissimilar Processes on Relative Differences ........................... 124 7-2.2.5. Response Time and Relative Difference as a Function of Number of Processes .......................................................................................................................................................... 125 7-2.2.6. The Always-APART Policy in Set U ........................................................................... 126 7-2.2.7. Dyadic Placement in Set U ........................................................................................... 126 7-2.2.8. Summary of Set U Results ............................................................................................ 128 7-2.3. Experiment Set V as 3x3 .......................................................................................................... 129 7-2.3.1. Introduction ..................................................................................................................... 129 7-2.3.2. Winning Configurations ................................................................................................. 129 7-2.3.3. Transition Zone in Set V ............................................................................................... 131 7-2.3.4. Response Times .............................................................................................................. 131 7-2.3.5. Relative Differences ....................................................................................................... 132 7-2.3.5.1. Introduction .......................................................................................................... 132 7-2.3.5.2. Step Differences .................................................................................................. 132 7-2.3.5.3. Best/Order Differences ........................................................................................ 132 7-2.3.6. The Always-APART Policy in Set V ........................................................................... 133 7-2.3.7. Dyadic Placement in Set V ........................................................................................... 134 7-2.3.8. Summary of Results from Set V ................................................................................... 134 7-2.4. Summary and Conclusions Concerning 3x3 ............................................................................ 135 7-2.5. Summary and Conclusions Concerning 2x2 and 3x3 ............................................................. 135 7-3. Three Processes with Two Processors (3x2) ...................................................................................... 136 7-3.1. Introduction ................................................................................................................................ 136

7-3.2. Response Time Differences Between Loners .......................................................................... 137 7-3.2.1. Loner Response Time Differences in Set U ................................................................ 137 7-3.2.2. Loner Response Time Differences in Set V ................................................................ 138 7-3.3. Matching .................................................................................................................................... 138 7-3.3.1. Introduction, Description, and Procedure ...................................................................... 138 7-3.3.1.1. Loner Order ......................................................................................................... 138 7-3.3.1.2. Variable Order ..................................................................................................... 139 7-3.3.1.3. Comparing the Loner and Variable Orders ....................................................... 139 7-3.3.1.4. Variables Used in Matching ............................................................................... 139 7-3.3.1.5. Configurations Used ............................................................................................ 140 7-3.3.1.6. Process Order when Variable Values are Equal: Eql and Noeql .................... 140 7-3.3.1.6.1. Noeql ......................................................................................................... 140 7-3.3.1.6.2. Eql ............................................................................................................. 141 7-3.3.1.6.3. Comparing Eql and Noeql ....................................................................... 141 7-3.3.1.7. Performing Matching ........................................................................................... 142 7-3.3.2. Matching Results in Set V ............................................................................................ 142 7-3.3.2.1. All-Match Results ................................................................................................ 143 7-3.3.2.2. Best-Match Results .............................................................................................. 143 7-3.3.2.3. Summary .............................................................................................................. 144 7-3.3.3. Matching Based on the Transition Zone ...................................................................... 144 7-3.3.3.1. Introduction .......................................................................................................... 145 7-3.3.3.2. Results .................................................................................................................. 145 7-3.3.3.3. Conclusions and Discussion ................................................................................ 146 7-3.3.3.4. Inverse Matching in the Transition Zone .......................................................... 146 7-3.3.4. Matching Based On Slices ............................................................................................. 147 7-3.3.5. Worst Matching .............................................................................................................. 148 7-3.3.5.1. Introduction .......................................................................................................... 148 7-3.3.5.2. Procedure ............................................................................................................. 149 7-3.3.5.3. Results and Conclusions ..................................................................................... 149 7-3.3.6. Matching Using Two Variables ..................................................................................... 151 7-3.3.6.1. Introduction .......................................................................................................... 151 7-3.3.6.2. Procedure ............................................................................................................. 151 7-3.3.6.3. Results .................................................................................................................. 152 7-3.3.6.4. Discussion and Conclusions ................................................................................ 152 7-3.3.7. General Conclusions About Matching .......................................................................... 153 7-3.4. Attractive and Repulsive Forces ............................................................................................... 154 7-3.4.1. Introduction ..................................................................................................................... 154 7-3.4.2. Description ...................................................................................................................... 154 7-3.4.2.1. Attractive Forces ................................................................................................. 155 7-3.4.2.2. Repulsive Force ................................................................................................... 156 7-3.4.2.3. Combination of Attractive and Repulsive Forces ............................................. 156 7-3.4.3. Procedure ........................................................................................................................ 156 7-3.4.4. Results on the Grid ........................................................................................................ 157 7-3.4.5. Results for the Set .......................................................................................................... 157 7-3.4.6. Conclusions ..................................................................................................................... 158 7-3.5. Conclusions About Set V as a 3x2: Finding the Best Loner ............................................... 158 7-3.6. Set U as 3x2 .............................................................................................................................. 159 7-3.6.1. Matching in Set U .......................................................................................................... 159

7-3.6.2. Attractive and Repulsive Forces in Set U .................................................................... 160 7-3.6.3. Conclusions About Set U as a 3x2: Finding the Best Loner .................................... 161 7-3.7. Conclusions About Sets U and V as 3x2: Finding the Best Loner ..................................... 161 7-4. Regions of the Grid ............................................................................................................................. 161 7-4.1. Introduction ................................................................................................................................ 161 7-4.1.1. The Lower Left Regions ................................................................................................ 161 7-4.1.2. The Lower Right Region ............................................................................................... 162 7-4.2. The Sci and VSci Regions ....................................................................................................... 162 7-4.2.1. Introduction ..................................................................................................................... 162 7-4.2.2. Matching in the Sci and VSci Regions ........................................................................ 163 7-4.2.3. Attractive and Repulsive Forces in the Sci and VSci Regions ................................... 164 7-4.2.4. Conclusions About the Sci and VSci Regions ............................................................. 164 7-4.3. Experiment Set W ..................................................................................................................... 165 7-4.3.1. Set W as 3x3 .................................................................................................................. 165 7-4.3.2. Set W as 3x2 Analyses .................................................................................................. 165 7-4.3.2.1. Matching in Set W .............................................................................................. 166 7-4.3.2.2. Attractive and Repulsive Forces in Set W ........................................................ 166 7-4.3.3. Conclusions About Set W .............................................................................................. 167 7-4.4. The LR Region .......................................................................................................................... 167 7-4.4.1. Introduction ..................................................................................................................... 167 7-4.4.2. Matching in the LR Region ........................................................................................... 168 7-4.4.3. Attractive and Repulsive Forces in the LR Region ..................................................... 169 7-4.4.4. Conclusions About the LR Region ............................................................................... 169 7-5. Summary of Three-Process Work ....................................................................................................... 170 7-5.1. Summary and Conclusions Concerning 2x2 and 3x3 ............................................................. 170 7-5.2. Three Processes with Two Processors (3x2) ........................................................................... 171 7-5.2.1. Introduction and Response Time ................................................................................... 171 7-5.2.2. Matching in Set V .......................................................................................................... 171 7-5.2.3. Attractive and Repulsive Forces in Set V .................................................................... 172 7-5.2.4. Set U as 3x2 ................................................................................................................... 172 7-5.3. Regions of the Grid .................................................................................................................. 173 7-5.3.1. The Sci and VSci Regions ............................................................................................ 173 7-5.3.2. Experiment Set W .......................................................................................................... 173 7-5.3.3. The LR Region ............................................................................................................... 173

CHAPTER 8: FOUR PROCESSES ......................................................................................................... 174 8-1. Introduction ........................................................................................................................................... 174 8-2. Arrangements and Configurations ....................................................................................................... 174 8-3. Experiment Sets .................................................................................................................................... 175 8-3.1. Introduction ................................................................................................................................ 175 8-3.2. Experiment Set A ...................................................................................................................... 176 8-3.3. Experiment Set B ...................................................................................................................... 176 8-4. Four Processes with Four Processors (4x4) ........................................................................................ 176 8-4.1. Introduction to the 4x4 Situation ............................................................................................. 176 8-4.2. 4x4 Winning Configurations and Response Times ................................................................. 176 8-4.3. Step Differences ........................................................................................................................ 178 8-4.4. Best/Order Differences .............................................................................................................. 179 8-4.5. Dyadic Placement ...................................................................................................................... 181

8-4.6. Summary .................................................................................................................................... 182 8-5. Four Processes with Three Processors (4x3) ...................................................................................... 182 8-5.1. Introduction to the 4x3 Situation ............................................................................................. 182 8-5.2. 4x3 Winning Configurations ..................................................................................................... 182 8-5.2.1. Hypothesis ....................................................................................................................... 182 8-5.2.2. Results and Triple/Pair Interspersion ............................................................................ 183 8-5.2.3. Conclusions ..................................................................................................................... 184 8-5.3. Triple- and Pair-Type Configurations ...................................................................................... 185 8-5.3.1. Differences Between Best Pair and Next Better Triple ............................................... 185 8-5.3.2. Pairs and Triples with Equal Execution Times ............................................................ 186 8-5.3.3. Response Time Ranges of Pairs and Triples ................................................................ 189 8-5.4. Summary .................................................................................................................................... 192 8-6. Four Processes with Two Processors (4x2) ........................................................................................ 192 8-6.1. Introduction to the 4x2 Situation ............................................................................................. 192 8-6.2. 4x2 Winners ............................................................................................................................... 193 8-6.3. Step Differences ........................................................................................................................ 193 8-6.4. Summary .................................................................................................................................... 194 8-7. The CR-Even Approach ....................................................................................................................... 194 8-7.1. Introduction, Background, and Review .................................................................................... 194 8-7.2. Hypothesis .................................................................................................................................. 195 8-7.3. Computing CPU Demand Differences ..................................................................................... 196 8-7.4. All-Hit Counts ........................................................................................................................... 197 8-7.5. Best-Hit Counts ......................................................................................................................... 200 8-7.6. Error Patterns in CR-Even ........................................................................................................ 201 8-7.7. Sizes of CR Differences ........................................................................................................... 202 8-7.8. Summary .................................................................................................................................... 203 8-8. Marginal Advantage of Adding One Processor ................................................................................. 203 8-8.1. Introduction ................................................................................................................................ 203 8-8.2. Computing Marginal Advantages ............................................................................................. 205 8-8.3. Mean Margins Over Set A ....................................................................................................... 205 8-8.4. Analysis ...................................................................................................................................... 207 8-8.4.1. Analysis of Mean-to-Mean Margins ............................................................................. 207 8-8.4.2. Analysis of Best-to-Best Margins ................................................................................. 208 8-8.4.2.1. Average Best-to-Best Margins ............................................................................ 208 8-8.4.2.2. Individual Best-to-Best Margins on the Grid .................................................... 208 8-8.4.3. Analysis of Best-to-Worst Margins ............................................................................... 210 8-8.5. Summary .................................................................................................................................... 210 8-9. Maximum Number of Processes Collocated on a Processing Node ................................................. 211 8-9.1. Introduction ................................................................................................................................ 211 8-9.2. Analysis ...................................................................................................................................... 211 8-9.3. Conclusions ................................................................................................................................ 212 8-10. Experiment Set B ............................................................................................................................... 213 8-10.1. Introduction, Objectives, and Background ............................................................................. 213 8-10.2. Wobble ..................................................................................................................................... 213 8-10.3. Winning Configurations .......................................................................................................... 213 8-10.4. Conclusions .............................................................................................................................. 215 8-11. Summary of Four-Process Work ....................................................................................................... 215

CHAPTER 9: CONCLUSIONS AND FUTURE WORK ..................................................................... 218 9-1. Numbers of Arrangements and Configurations .................................................................................. 218 9-2. Experimental Design ............................................................................................................................ 218 9-3. Differences in Performance ................................................................................................................. 218 9-4. CPU Service Determines Best Configuration ..................................................................................... 219 9-5. Maximum Number of Processes Collocated on a Processing Node ................................................. 220 9-6. The Always-APART Placement Policy .............................................................................................. 221 9-7. Spreading Out the CPU Demand ........................................................................................................ 221 9-8. Marginal Advantage of Adding One Processor ................................................................................. 222 9-9. Future Work .......................................................................................................................................... 222

REFERENCES ............................................................................................................................................. 224