PROPERTIES OF AGE-BASED AUTOMATIC MEMORY RECLAMATION ALGORITHMS

A Dissertation Presented by DARKO STEFANOVI ťC

Submitted to the Graduate School of the University of Massachusetts Amherst in partial ful^llment of the requirements for the degree of DOCTOR OF PHILOSOPHY February 1999 Department of Computer Science

© Copyright by Darko Stefanoviťc 1999 All Rights Reserved

PROPERTIES OF AGE-BASED AUTOMATIC MEMORY RECLAMATION ALGORITHMS

A Dissertation Presented by DARKO STEFANOVI ťC

Approved as to style and content by:

J. Eliot B. Moss, Chair

Kathryn S. McKinley, Member

Jack C. Wileden, Member

C. Mani Krishna, Member

James F. Kurose, Department Chair Department of Computer Science

To my parents

ACKNOWLEDGEMENTS

Throughout my graduate studies, it has been an honor and an intellectual challenge to have Eliot Moss as my advisor. The imprint of his scienti^c method on my development is deep, and I trust that it is re~ected in the present work.

I have been fortunate to have Kathryn McKinley as my unof^cial second advisor. I am grateful to her, not only for her incisive technical commentary, but also for her un~agging enthusiasm and encouragement.

I owe a debt of gratitude to Steve Heller and his group at Sun Microsystems Laboratories for allowing me to use an experimental Java virtual machine, and especially to David Detlefs, who tirelessly explained to me the intricacies of garbage collection in that system, and ran many weeks of trace generation.

This project could not have been realized without the past efforts of members of the Object Systems Laboratory: Tony Hosking, Amer Diwan, Rick Hudson, and Eric Brown, who designed and implemented the garbage collector toolkit and the Smalltalk system I have used. I should also like to acknowledge the support of the current group members: John Cavazos, Asjad Khan, Todd Wright, Abhishek Chandra, and Sharad Singhai; their hard system-building work provided the impetus to carry on with this study. John Ridgway has always found the time to guide me through the hidden corners of typesetting, and I thank him for that. It has been a great pleasure to work with them, and with many other members of the laboratory over the years.

I should like to acknowledge the bene^t of discussions I have had during the development of the present work with Cathy McGeoch, Andrew Appel, and Amer Diwan. The dissertation itself has been greatly improved by the comments of my examining committee members Jack Wileden and Mani Krishna.

Upon my arrival in the town of Amherst I had the good fortune to come to know Mrs Joann C. Scott, and I am grateful for the friendship and wisdom she has shown me ever since.

Lastly, I am grateful to my parents and my sister for their persistent encouragement and unquestioning con^dence. I thank my parents for their support throughout the years of my studies, which made this work possible, and for having instilled in me the spirit of free inquiry, which made it worthwhile. ŮŮ This work has been supported by the National Science Foundation under grant IRI-9632284, and by gifts from Digital Equipment Corporation (now Compaq), Sun Microsystems, and Hewlett-Packard.

ABSTRACT

PROPERTIES OF AGE-BASED AUTOMATIC MEMORY RECLAMATION ALGORITHMS

FEBRUARY 1999

DARKO STEFANOVI ťC Dipl.Ing., UNIVERSITY OF BELGRADE M.S., UNIVERSITY OF MASSACHUSETTS AMHERST Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor J. Eliot B. Moss

Dynamic memory management enables a programmer to allocate objects for arbitrary preiods of time. It is an important feature of modern programming languages, and is fundamental to object-oriented languages. Automatic reclamation, also known as garbage collection, automates the detection of the time when a data item can no longer be used.

The work described herein considers garbage collection algorithms that base their decisions solely upon the relative age of data. This age-based class of algorithms generalizes previously de^ned generational garbage collection algorithms and includes promising new algorithms. The work identi^es relevant performance factors and reports them for a set of object-oriented benchmark programs, establishing a fair comparison by imposing uniform maximum space constraints. A precise tracing and garbage collection algorithm evaluation framework provides accurate results and thus meaningful comparisons.

The results indicate, contrary to assumptions in the literature, that the new algorithms copy less data than the generational algorithms, even though they retain a higher percentage of reclaimable data. In agreement with the assumptions in the literature, the results indicate that generational algorithms do less pointer-tracking work. Thus, given suitable relative costs of copying and pointer-tracking, the new algorithms perform better. Estimations of the relative costs for a typical modern processor suggest that the new algorithms are usually superior.

TABLE OF CONTENTS

Page ACKNOWLEDGEMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiii LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xv

Chapter 1. INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 2. BACKGROUND . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 2.1 Dynamic memory management . . . . . . . . . . . . . . . . . . . . . . . . . . 7 2.1.1 Liveness and reachability . . . . . . . . . . . . . . . . . . . . . . . . . 8 2.1.2 Preserving live data . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 2.1.3 Incremental collection . . . . . . . . . . . . . . . . . . . . . . . . . . 11 2.1.4 Generational copying collection . . . . . . . . . . . . . . . . . . . . . 11 2.1.4.1 Pointer maintenance . . . . . . . . . . . . . . . . . . . . . 13 2.1.5 Mature spaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14 2.2 Object survival and mortality . . . . . . . . . . . . . . . . . . . . . . . . . . 15 2.3 Theoretical models of memory management . . . . . . . . . . . . . . . . . . . 17 3. AGE-BASED GARBAGE COLLECTION ALGORITHMS . . . . . . . . . . . . 19 3.1 Conceptual design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 3.1.1 True-age schemes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 3.1.2 A renewal-age scheme . . . . . . . . . . . . . . . . . . . . . . . . . . 29 3.1.3 Towards optimal schemes . . . . . . . . . . . . . . . . . . . . . . . . 30

3.1.4 Collection failure and recovery . . . . . . . . . . . . . . . . . . . . . 31 3.1.5 Garbage cycles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31 3.1.6 Locality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 3.2 Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 3.2.1 Blocks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 3.2.2 Remembered sets . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35 3.2.3 Write barrier . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 3.2.4 A write barrier design for large address spaces . . . . . . . . . . . . . 39 3.2.5 An estimation of copying and pointer-maintenance costs . . . . . . . . 43 3.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46 4. EVALUATION: SETTING . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52 4.1 Evaluation using program traces . . . . . . . . . . . . . . . . . . . . . . . . . 53 4.1.1 Trace content . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54 4.1.2 Trace format . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54 4.1.3 Trace generation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55 4.2 Benchmarks and languages . . . . . . . . . . . . . . . . . . . . . . . . . . . 57 4.2.1 Languages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57 4.2.2 Benchmarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58 4.2.2.1 Collecting benchmarks . . . . . . . . . . . . . . . . . . . . 59 4.2.2.2 Selecting benchmarks . . . . . . . . . . . . . . . . . . . . . 60 4.2.2.3 The ^nal benchmark set . . . . . . . . . . . . . . . . . . . . 61 4.2.3 Properties of benchmarks . . . . . . . . . . . . . . . . . . . . . . . . 63 4.3 Simulating garbage collection . . . . . . . . . . . . . . . . . . . . . . . . . . 66 4.3.1 General simulation algorithm . . . . . . . . . . . . . . . . . . . . . . 68 4.3.2 Age-based simulation . . . . . . . . . . . . . . . . . . . . . . . . . . 69 4.3.3 Block-based simulation . . . . . . . . . . . . . . . . . . . . . . . . . 69 5. EVALUATION: COPYING COST . . . . . . . . . . . . . . . . . . . . . . . . 112 5.1 Method for evaluating different con^gurations of a collector . . . . . . . . . 112 5.1.1 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113 5.1.1.1 The FC-TOF collector . . . . . . . . . . . . . . . . . . . . 114 5.1.1.2 The FC-ROF collector . . . . . . . . . . . . . . . . . . . 115

5.1.1.3 The FC-TYF collector . . . . . . . . . . . . . . . . . . . . 115 5.1.1.4 The FC-DOF collector . . . . . . . . . . . . . . . . . . . 115 5.1.1.5 The FC-DYF collector . . . . . . . . . . . . . . . . . . . . 116 5.1.1.6 The GYF collectors . . . . . . . . . . . . . . . . . . . . . 116 5.2 Method for comparing various collection schemes . . . . . . . . . . . . . . . 117 5.3 Method for recognizing and measuring the excess retention cost . . . . . . . 118 5.3.1 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119 5.4 Methods for examining the lower limits of copying cost and the feasibility of adaptation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121 5.4.1 Locally-optimal copying cost . . . . . . . . . . . . . . . . . . . . . 121 5.4.2 Window motion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122 5.4.3 Demise point analysis . . . . . . . . . . . . . . . . . . . . . . . . . 122 5.4.3.1 Visualization: demise maps . . . . . . . . . . . . . . . . . 123 5.4.3.2 Visualization: heap pro^les . . . . . . . . . . . . . . . . . 124 5.4.3.3 Visualization: position mortality . . . . . . . . . . . . . . 125 5.4.4 Case studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126 5.4.4.1 Benchmark Richards . . . . . . . . . . . . . . . . . . . . 126 5.4.4.2 Benchmark Lambda-Fact5 . . . . . . . . . . . . . . . . . 127 5.4.5 Adaptive FC collection . . . . . . . . . . . . . . . . . . . . . . . . 128 5.4.5.1 Eliminating the ŞstaticŤ data in Richards . . . . . . . . . . 128 5.4.5.2 Choosing the collected region in Lambda-Fact5 . . . . . . 131 5.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136 6. EVALUATION: COSTS OTHER THAN COPYING . . . . . . . . . . . . . . . 276 6.1 Method for evaluating the pointer maintenance cost . . . . . . . . . . . . . . 276 6.1.1 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 277 6.1.2 Block size . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 280 6.1.3 Comparison between collectors . . . . . . . . . . . . . . . . . . . . 281 6.1.4 Additional observations . . . . . . . . . . . . . . . . . . . . . . . . 286 6.2 Methods for examining the directions of pointers in the heap . . . . . . . . . 288 6.2.1 Pointer stores in the ideal heap . . . . . . . . . . . . . . . . . . . . 288 6.2.2 Pointer stores and remembered sets in age-based collectors . . . . . . 290

6.3 Method for evaluating the collection start-up cost . . . . . . . . . . . . . . . 291 6.3.1 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 293 6.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 293 7. CONCLUDING REMARKS . . . . . . . . . . . . . . . . . . . . . . . . . . . . 460

BIBLIOGRAPHY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 463

LIST OF TABLES

Table Page 4.1 Properties of benchmarks used . . . . . . . . . . . . . . . . . . . . . . . . . 62 5.1 Copying cost dependence on the adaptation threshold . . . . . . . . . . . . 130 5.2 Copying cost dependence on external bias . . . . . . . . . . . . . . . . . . 134 6.1 Properties of benchmarks used: run-time allocation and pointer stores . . . 278 6.2 Costs of block FC-DOF for StandardNonInteractive . . . . . . . . . . . . . 295 6.3 Costs of block FC-DOF for HeapSim . . . . . . . . . . . . . . . . . . . . 301 6.4 Costs of block FC-DOF for Lambda-Fact5 . . . . . . . . . . . . . . . . . . 310 6.5 Costs of block FC-DOF for Richards . . . . . . . . . . . . . . . . . . . . 322 6.6 Costs of block FC-DOF for JavaBYTEmark . . . . . . . . . . . . . . . . . 326 6.7 Costs of block FC-DOF for Bloat-Bloat . . . . . . . . . . . . . . . . . . . 327 6.8 Costs of block FC-DOF for Toba . . . . . . . . . . . . . . . . . . . . . . . 331 6.9 Costs of block 2GYF for StandardNonInteractive . . . . . . . . . . . . . . 335 6.10 Costs of block 2GYF for HeapSim . . . . . . . . . . . . . . . . . . . . . . 343 6.11 Costs of block 2GYF for Lambda-Fact5 . . . . . . . . . . . . . . . . . . . 354 6.12 Costs of block 2GYF for Richards . . . . . . . . . . . . . . . . . . . . . . 370 6.13 Costs of block 2GYF for JavaBYTEmark . . . . . . . . . . . . . . . . . . 375 6.14 Costs of block 2GYF for Bloat-Bloat . . . . . . . . . . . . . . . . . . . . . 376

6.15 Costs of block 2GYF for Toba . . . . . . . . . . . . . . . . . . . . . . . . 382

LIST OF FIGURES

Figure Page 1.1 Surviving objects in a newly allocated area. . . . . . . . . . . . . . . . . . . . 2 1.2 A collection queue. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 2.1 A typical object mortality function. . . . . . . . . . . . . . . . . . . . . . . 16 2.2 A typical object survivor function. . . . . . . . . . . . . . . . . . . . . . . . 16 3.1 Viewing the heap as an age-ordered list. . . . . . . . . . . . . . . . . . . . . 20 3.2 Pseudocode for the conceptual design. . . . . . . . . . . . . . . . . . . . . . 22 3.3 TYF: True youngest-^rst collection (general case). . . . . . . . . . . . . . . 23 3.4 Pseudocode for GYF collectors. . . . . . . . . . . . . . . . . . . . . . . . . 24 3.5 Generational youngest-^rst collection (2GYF). . . . . . . . . . . . . . . . . 25 3.6 Generational youngest-^rst collection with ~exible generation boundaries (NGYF). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26 3.7 FC-TYF: True youngest-^rst collection (^xed collected region). . . . . . . . . 27 3.8 FC-TOF: True oldest-^rst collection (^xed collected region). . . . . . . . . . 27 3.9 FC-DOF: Deferred older-^rst collection. . . . . . . . . . . . . . . . . . . . . 28 3.10 Deferred older-^rst collection, window motion example. . . . . . . . . . . . 29 3.11 FC-DYF: Deferred younger-^rst collection. . . . . . . . . . . . . . . . . . . 30 3.12 FC-ROF: Renewal-oldest-^rst collection. . . . . . . . . . . . . . . . . . . . 30 3.13 Heap organized as an age-ordered list of blocks. . . . . . . . . . . . . . . . . 33

3.14 Filling preceding block to avoid fragmentation. . . . . . . . . . . . . . . . . 35 3.15 Directional ^ltering of pointer stores at run-time (DOF). . . . . . . . . . . . 36 3.16 Directional ^ltering of pointer stores at collection time (DOF). . . . . . . . . 37 3.17 DOF heap organization in a large address space. . . . . . . . . . . . . . . . . 40 3.18 Directional ^ltering for DOF in a large address space. . . . . . . . . . . . . . 42 3.19 Write barrier code. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47 3.20 Write barrier assembly code. . . . . . . . . . . . . . . . . . . . . . . . . . . 48 3.21 Remembered set processing code. . . . . . . . . . . . . . . . . . . . . . . . 49 3.22 Remembered set processing assembly code. . . . . . . . . . . . . . . . . . . 50 3.23 Age-based scheme name abbreviations. . . . . . . . . . . . . . . . . . . . . 51 4.1 Non-generational collection performance: Interactive-AllCallsOn. . . . . . . . 71 4.2 Non-generational collection performance: Interactive-TextEditing. . . . . . . 72 4.3 Non-generational collection performance: StandardNonInteractive. . . . . . . 73 4.4 Non-generational collection performance: HeapSim. . . . . . . . . . . . . . 74 4.5 Non-generational collection performance: Lambda-Fact5. . . . . . . . . . . 75 4.6 Non-generational collection performance: Lambda-Fact6. . . . . . . . . . . 76 4.7 Non-generational collection performance: Swim. . . . . . . . . . . . . . . . 77 4.8 Non-generational collection performance: Tomcatv. . . . . . . . . . . . . . . 78 4.9 Non-generational collection performance: Tree-Replace-Binary. . . . . . . . 79 4.10 Non-generational collection performance: Tree-Replace-Random. . . . . . . 80 4.11 Non-generational collection performance: Richards. . . . . . . . . . . . . . 81 4.12 Non-generational collection performance: JavaBYTEmark. . . . . . . . . . . 82

4.13 Non-generational collection performance: Bloat-Bloat. . . . . . . . . . . . . 83 4.14 Non-generational collection performance: Toba. . . . . . . . . . . . . . . . . 84 4.15 Object size distribution: Interactive-AllCallsOn. . . . . . . . . . . . . . . . . 85 4.16 Object size distribution: Interactive-TextEditing. . . . . . . . . . . . . . . . . 86 4.17 Object size distribution: StandardNonInteractive. . . . . . . . . . . . . . . . 87 4.18 Object size distribution: HeapSim. . . . . . . . . . . . . . . . . . . . . . . . 88 4.19 Object size distribution: Lambda-Fact5. . . . . . . . . . . . . . . . . . . . . 89 4.20 Object size distribution: Lambda-Fact6. . . . . . . . . . . . . . . . . . . . . 90 4.21 Object size distribution: Swim. . . . . . . . . . . . . . . . . . . . . . . . . . 91 4.22 Object size distribution: Tomcatv. . . . . . . . . . . . . . . . . . . . . . . . 92 4.23 Object size distribution: Tree-Replace-Binary. . . . . . . . . . . . . . . . . . 93 4.24 Object size distribution: Tree-Replace-Random. . . . . . . . . . . . . . . . 94 4.25 Object size distribution: Richards. . . . . . . . . . . . . . . . . . . . . . . . 95 4.26 Object size distribution: JavaBYTEmark. . . . . . . . . . . . . . . . . . . . 96 4.27 Object size distribution: Bloat-Bloat. . . . . . . . . . . . . . . . . . . . . . . 97 4.28 Object size distribution: Toba. . . . . . . . . . . . . . . . . . . . . . . . . . 98 4.29 Object lifetime distribution: Interactive-AllCallsOn. . . . . . . . . . . . . . . 99 4.30 Object lifetime distribution: Interactive-TextEditing. . . . . . . . . . . . . . . 99 4.31 Object lifetime distribution: StandardNonInteractive. . . . . . . . . . . . . 100 4.32 Object lifetime distribution: HeapSim. . . . . . . . . . . . . . . . . . . . 100 4.33 Object lifetime distribution: Lambda-Fact5. . . . . . . . . . . . . . . . . . 100 4.34 Object lifetime distribution: Lambda-Fact6. . . . . . . . . . . . . . . . . . 101 4.35 Object lifetime distribution: Swim. . . . . . . . . . . . . . . . . . . . . . 101

4.36 Object lifetime distribution: Tomcatv. . . . . . . . . . . . . . . . . . . . . 101 4.37 Object lifetime distribution: Tree-Replace-Binary. . . . . . . . . . . . . . . 102 4.38 Object lifetime distribution: Tree-Replace-Random. . . . . . . . . . . . . 102 4.39 Object lifetime distribution: Richards. . . . . . . . . . . . . . . . . . . . . 102 4.40 Object lifetime distribution: JavaBYTEmark. . . . . . . . . . . . . . . . . 103 4.41 Object lifetime distribution: Bloat-Bloat. . . . . . . . . . . . . . . . . . . . 103 4.42 Object lifetime distribution: Toba. . . . . . . . . . . . . . . . . . . . . . . 103 4.43 Live pro^le: Interactive-AllCallsOn. . . . . . . . . . . . . . . . . . . . . . 104 4.44 Live pro^le: Interactive-TextEditing. . . . . . . . . . . . . . . . . . . . . . 105 4.45 Live pro^le: StandardNonInteractive. . . . . . . . . . . . . . . . . . . . . 105 4.46 Live pro^le: HeapSim. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106 4.47 Live pro^le: Lambda-Fact5. . . . . . . . . . . . . . . . . . . . . . . . . . 106 4.48 Live pro^le: Lambda-Fact6. . . . . . . . . . . . . . . . . . . . . . . . . . 107 4.49 Live pro^le: Swim. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107 4.50 Live pro^le: Tomcatv. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108 4.51 Live pro^le: Tree-Replace-Binary. . . . . . . . . . . . . . . . . . . . . . . 108 4.52 Live pro^le: Tree-Replace-Random. . . . . . . . . . . . . . . . . . . . . . 109 4.53 Live pro^le: Richards. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109 4.54 Live pro^le: JavaBYTEmark. . . . . . . . . . . . . . . . . . . . . . . . . 110 4.55 Live pro^le: Bloat-Bloat. . . . . . . . . . . . . . . . . . . . . . . . . . . . 110 4.56 Live pro^le: Toba. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111 5.1 Window motion in the FC-DOF scheme. . . . . . . . . . . . . . . . . . . . 132

5.2 Window survivor ratios in the FC-DOF scheme. . . . . . . . . . . . . . . . 133 5.3 Window motion in the FC-OPT scheme. . . . . . . . . . . . . . . . . . . . 134 5.4 Window survivor ratios in the FC-OPT scheme. . . . . . . . . . . . . . . . 135 5.5 Window motion in the adaptive scheme. . . . . . . . . . . . . . . . . . . . 136 5.6 Window survivor ratios in the adaptive scheme. . . . . . . . . . . . . . . . 137 5.7 Copying cost comparison: Interactive-AllCallsOn, V = 764. . . . . . . . . . 138 5.8 Copying cost comparison: Interactive-AllCallsOn, V = 931. . . . . . . . . . 138 5.9 Copying cost comparison: Interactive-AllCallsOn, V = 1135. . . . . . . . . 139 5.10 Copying cost comparison: Interactive-AllCallsOn, V = 1384. . . . . . . . . 139 5.11 Copying cost comparison: Interactive-AllCallsOn, V = 1687. . . . . . . . . 139 5.12 Copying cost comparison: Interactive-AllCallsOn, V = 2057. . . . . . . . . 140 5.13 Copying cost comparison: Interactive-TextEditing, V = 1338. . . . . . . . . 141 5.14 Copying cost comparison: Interactive-TextEditing, V = 1631. . . . . . . . . 141 5.15 Copying cost comparison: Interactive-TextEditing, V = 1988. . . . . . . . . 142 5.16 Copying cost comparison: Interactive-TextEditing, V = 2424. . . . . . . . . 142 5.17 Copying cost comparison: Interactive-TextEditing, V = 2955. . . . . . . . . 142 5.18 Copying cost comparison: StandardNonInteractive, V = 1414. . . . . . . . 143 5.19 Copying cost comparison: StandardNonInteractive, V = 1723. . . . . . . . 143 5.20 Copying cost comparison: StandardNonInteractive, V = 2101. . . . . . . . 144 5.21 Copying cost comparison: StandardNonInteractive, V = 2561. . . . . . . . 144 5.22 Copying cost comparison: StandardNonInteractive, V = 3122. . . . . . . . 144 5.23 Copying cost comparison: StandardNonInteractive, V = 3805. . . . . . . . 145 5.24 Copying cost comparison: StandardNonInteractive, V = 4639. . . . . . . . 145

5.25 Copying cost comparison: StandardNonInteractive, V = 5655. . . . . . . . 145 5.26 Copying cost comparison: StandardNonInteractive, V = 6894. . . . . . . . 146 5.27 Copying cost comparison: HeapSim, V = 113397. . . . . . . . . . . . . . 147 5.28 Copying cost comparison: HeapSim, V = 138231. . . . . . . . . . . . . . 147 5.29 Copying cost comparison: HeapSim, V = 168503. . . . . . . . . . . . . . 148 5.30 Copying cost comparison: HeapSim, V = 205405. . . . . . . . . . . . . . 148 5.31 Copying cost comparison: HeapSim, V = 250387. . . . . . . . . . . . . . 148 5.32 Copying cost comparison: HeapSim, V = 305221. . . . . . . . . . . . . . 149 5.33 Copying cost comparison: HeapSim, V = 372063. . . . . . . . . . . . . . 149 5.34 Copying cost comparison: Lambda-Fact5, V = 7673. . . . . . . . . . . . . 150 5.35 Copying cost comparison: Lambda-Fact5, V = 9354. . . . . . . . . . . . . 150 5.36 Copying cost comparison: Lambda-Fact5, V = 11402. . . . . . . . . . . . 151 5.37 Copying cost comparison: Lambda-Fact5, V = 13899. . . . . . . . . . . . 151 5.38 Copying cost comparison: Lambda-Fact5, V = 16943. . . . . . . . . . . . 151 5.39 Copying cost comparison: Lambda-Fact5, V = 20654. . . . . . . . . . . . 152 5.40 Copying cost comparison: Lambda-Fact5, V = 25177. . . . . . . . . . . . 152 5.41 Copying cost comparison: Lambda-Fact6, V = 16669. . . . . . . . . . . . 153 5.42 Copying cost comparison: Lambda-Fact6, V = 20320. . . . . . . . . . . . 153 5.43 Copying cost comparison: Lambda-Fact6, V = 24770. . . . . . . . . . . . 154 5.44 Copying cost comparison: Lambda-Fact6, V = 30194. . . . . . . . . . . . 154 5.45 Copying cost comparison: Lambda-Fact6, V = 36807. . . . . . . . . . . . 154 5.46 Copying cost comparison: Lambda-Fact6, V = 44868. . . . . . . . . . . . 155 5.47 Copying cost comparison: Lambda-Fact6, V = 54693. . . . . . . . . . . . 155

5.48 Copying cost comparison: Lambda-Fact6, V = 66671. . . . . . . . . . . . 155 5.49 Copying cost comparison: Lambda-Fact6, V = 81272. . . . . . . . . . . . 156 5.50 Copying cost comparison: Swim, V = 21383. . . . . . . . . . . . . . . . . 157 5.51 Copying cost comparison: Swim, V = 26066. . . . . . . . . . . . . . . . . 157 5.52 Copying cost comparison: Swim, V = 31774. . . . . . . . . . . . . . . . . 158 5.53 Copying cost comparison: Swim, V = 38733. . . . . . . . . . . . . . . . . 158 5.54 Copying cost comparison: Swim, V = 47215. . . . . . . . . . . . . . . . . 158 5.55 Copying cost comparison: Swim, V = 57555. . . . . . . . . . . . . . . . . 159 5.56 Copying cost comparison: Swim, V = 70160. . . . . . . . . . . . . . . . . 159 5.57 Copying cost comparison: Swim, V = 85524. . . . . . . . . . . . . . . . . 159 5.58 Copying cost comparison: Swim, V = 104254. . . . . . . . . . . . . . . . 160 5.59 Copying cost comparison: Tomcatv, V = 37292. . . . . . . . . . . . . . . 161 5.60 Copying cost comparison: Tomcatv, V = 45459. . . . . . . . . . . . . . . 161 5.61 Copying cost comparison: Tomcatv, V = 55414. . . . . . . . . . . . . . . 162 5.62 Copying cost comparison: Tomcatv, V = 67550. . . . . . . . . . . . . . . 162 5.63 Copying cost comparison: Tomcatv, V = 82343. . . . . . . . . . . . . . . 162 5.64 Copying cost comparison: Tomcatv, V = 100376. . . . . . . . . . . . . . . 163 5.65 Copying cost comparison: Tomcatv, V = 122358. . . . . . . . . . . . . . . 163 5.66 Copying cost comparison: Tomcatv, V = 149154. . . . . . . . . . . . . . . 163 5.67 Copying cost comparison: Tomcatv, V = 181818. . . . . . . . . . . . . . . 164 5.68 Copying cost comparison: Tree-Replace-Binary, V = 11926. . . . . . . . . 165 5.69 Copying cost comparison: Tree-Replace-Binary, V = 14538. . . . . . . . . 165 5.70 Copying cost comparison: Tree-Replace-Binary, V = 17722. . . . . . . . . 166

5.71 Copying cost comparison: Tree-Replace-Binary, V = 21603. . . . . . . . . 166 5.72 Copying cost comparison: Tree-Replace-Binary, V = 26334. . . . . . . . . 166 5.73 Copying cost comparison: Tree-Replace-Random, V = 15985. . . . . . . . 167 5.74 Copying cost comparison: Tree-Replace-Random, V = 19486. . . . . . . . 167 5.75 Copying cost comparison: Tree-Replace-Random, V = 23754. . . . . . . . 168 5.76 Copying cost comparison: Tree-Replace-Random, V = 28956. . . . . . . . 168 5.77 Copying cost comparison: Tree-Replace-Random, V = 35297. . . . . . . . 168 5.78 Copying cost comparison: Tree-Replace-Random, V = 43027. . . . . . . . 169 5.79 Copying cost comparison: Tree-Replace-Random, V = 52450. . . . . . . . 169 5.80 Copying cost comparison: Tree-Replace-Random, V = 63936. . . . . . . . 169 5.81 Copying cost comparison: Richards, V = 1826. . . . . . . . . . . . . . . . 170 5.82 Copying cost comparison: Richards, V = 2225. . . . . . . . . . . . . . . . 170 5.83 Copying cost comparison: Richards, V = 2713. . . . . . . . . . . . . . . . 171 5.84 Copying cost comparison: Richards, V = 3307. . . . . . . . . . . . . . . . 171 5.85 Copying cost comparison: Richards, V = 4032. . . . . . . . . . . . . . . . 171 5.86 Copying cost comparison: Richards, V = 4914. . . . . . . . . . . . . . . . 172 5.87 Copying cost comparison: Richards, V = 5991. . . . . . . . . . . . . . . . 172 5.88 Copying cost comparison: Richards, V = 7303. . . . . . . . . . . . . . . . 172 5.89 Copying cost comparison: Richards, V = 8902. . . . . . . . . . . . . . . . 173 5.90 Copying cost comparison: JavaBYTEmark, V = 72807. . . . . . . . . . . . 174 5.91 Copying cost comparison: JavaBYTEmark, V = 88752. . . . . . . . . . . . 174 5.92 Copying cost comparison: JavaBYTEmark, V = 108188. . . . . . . . . . . 175 5.93 Copying cost comparison: JavaBYTEmark, V = 131881. . . . . . . . . . . 175

5.94 Copying cost comparison: Bloat-Bloat, V = 246766. . . . . . . . . . . . . 176 5.95 Copying cost comparison: Bloat-Bloat, V = 300808. . . . . . . . . . . . . 176 5.96 Copying cost comparison: Bloat-Bloat, V = 366682. . . . . . . . . . . . . 177 5.97 Copying cost comparison: Bloat-Bloat, V = 446984. . . . . . . . . . . . . 177 5.98 Copying cost comparison: Bloat-Bloat, V = 544872. . . . . . . . . . . . . 177 5.99 Copying cost comparison: Bloat-Bloat, V = 664195. . . . . . . . . . . . . 178 5.100 Copying cost comparison: Bloat-Bloat, V = 809650. . . . . . . . . . . . . 178 5.101 Copying cost comparison: Bloat-Bloat, V = 986959. . . . . . . . . . . . . 178 5.102 Copying cost comparison: Toba, V = 353843. . . . . . . . . . . . . . . . . 179 5.103 Copying cost comparison: Toba, V = 431335. . . . . . . . . . . . . . . . . 179 5.104 Copying cost comparison: Toba, V = 525794. . . . . . . . . . . . . . . . . 180 5.105 Copying cost comparison: Toba, V = 640941. . . . . . . . . . . . . . . . . 180 5.106 Copying cost comparison: Toba, V = 781303. . . . . . . . . . . . . . . . . 180 5.107 Copying cost comparison: Toba, V = 952404. . . . . . . . . . . . . . . . . 181 5.108 Copying cost comparison: Toba, V = 1160976. . . . . . . . . . . . . . . . 181 5.109 Copying cost comparison: Toba, V = 1415223. . . . . . . . . . . . . . . . 181 5.110 Copying cost comparison: Toba, V = 1725148. . . . . . . . . . . . . . . . 182 5.111 Best con^guration comparison: Interactive-AllCallsOn. . . . . . . . . . . . 183 5.112 Best con^guration comparison: Interactive-TextEditing. . . . . . . . . . . . 184 5.113 Best con^guration comparison: StandardNonInteractive. . . . . . . . . . . 184 5.114 Best con^guration comparison: HeapSim. . . . . . . . . . . . . . . . . . . 185 5.115 Best con^guration comparison: Lambda-Fact5. . . . . . . . . . . . . . . . 185 5.116 Best con^guration comparison: Lambda-Fact6. . . . . . . . . . . . . . . . 186

5.117 Best con^guration comparison: Swim. . . . . . . . . . . . . . . . . . . . . 186 5.118 Best con^guration comparison: Tomcatv. . . . . . . . . . . . . . . . . . . 187 5.119 Best con^guration comparison: Tree-Replace-Binary. . . . . . . . . . . . . 187 5.120 Best con^guration comparison: Tree-Replace-Random. . . . . . . . . . . . 188 5.121 Best con^guration comparison: Richards. . . . . . . . . . . . . . . . . . . 188 5.122 Best con^guration comparison: JavaBYTEmark. . . . . . . . . . . . . . . 189 5.123 Best con^guration comparison: Bloat-Bloat. . . . . . . . . . . . . . . . . . 189 5.124 Best con^guration comparison: Toba. . . . . . . . . . . . . . . . . . . . . 190 5.125 Best con^guration comparison: Interactive-AllCallsOn. . . . . . . . . . . . 191 5.126 Best con^guration comparison: Interactive-TextEditing. . . . . . . . . . . . 192 5.127 Best con^guration comparison: StandardNonInteractive. . . . . . . . . . . 192 5.128 Best con^guration comparison: HeapSim. . . . . . . . . . . . . . . . . . . 193 5.129 Best con^guration comparison: Lambda-Fact5. . . . . . . . . . . . . . . . 193 5.130 Best con^guration comparison: Lambda-Fact6. . . . . . . . . . . . . . . . 194 5.131 Best con^guration comparison: Swim. . . . . . . . . . . . . . . . . . . . . 194 5.132 Best con^guration comparison: Tomcatv. . . . . . . . . . . . . . . . . . . 195 5.133 Best con^guration comparison: Tree-Replace-Binary. . . . . . . . . . . . . 195 5.134 Best con^guration comparison: Tree-Replace-Random. . . . . . . . . . . . 196 5.135 Best con^guration comparison: Richards. . . . . . . . . . . . . . . . . . . 196 5.136 Best con^guration comparison: JavaBYTEmark. . . . . . . . . . . . . . . 197 5.137 Best con^guration comparison: Bloat-Bloat. . . . . . . . . . . . . . . . . . 197 5.138 Best con^guration comparison: Toba. . . . . . . . . . . . . . . . . . . . . 198 5.139 Excess retention ratios: Interactive-AllCallsOn, V = 764. . . . . . . . . . . 199

5.140 Excess retention ratios: Interactive-AllCallsOn, V = 931. . . . . . . . . . . 199 5.141 Excess retention ratios: Interactive-AllCallsOn, V = 1135. . . . . . . . . . . 200 5.142 Excess retention ratios: Interactive-AllCallsOn, V = 1384. . . . . . . . . . . 200 5.143 Excess retention ratios: Interactive-AllCallsOn, V = 1687. . . . . . . . . . . 200 5.144 Excess retention ratios: Interactive-AllCallsOn, V = 2057. . . . . . . . . . . 201 5.145 Excess retention ratios: Interactive-TextEditing, V = 1338. . . . . . . . . . 202 5.146 Excess retention ratios: Interactive-TextEditing, V = 1631. . . . . . . . . . 202 5.147 Excess retention ratios: Interactive-TextEditing, V = 1988. . . . . . . . . . 203 5.148 Excess retention ratios: Interactive-TextEditing, V = 2424. . . . . . . . . . 203 5.149 Excess retention ratios: Interactive-TextEditing, V = 2955. . . . . . . . . . 203 5.150 Excess retention ratios: StandardNonInteractive, V = 1414. . . . . . . . . . 204 5.151 Excess retention ratios: StandardNonInteractive, V = 1723. . . . . . . . . . 204 5.152 Excess retention ratios: StandardNonInteractive, V = 2101. . . . . . . . . . 205 5.153 Excess retention ratios: StandardNonInteractive, V = 2561. . . . . . . . . . 205 5.154 Excess retention ratios: StandardNonInteractive, V = 3122. . . . . . . . . . 205 5.155 Excess retention ratios: StandardNonInteractive, V = 3805. . . . . . . . . . 206 5.156 Excess retention ratios: StandardNonInteractive, V = 4639. . . . . . . . . . 206 5.157 Excess retention ratios: StandardNonInteractive, V = 5655. . . . . . . . . . 206 5.158 Excess retention ratios: StandardNonInteractive, V = 6894. . . . . . . . . . 207 5.159 Excess retention ratios: HeapSim, V = 113397. . . . . . . . . . . . . . . . 208 5.160 Excess retention ratios: HeapSim, V = 138231. . . . . . . . . . . . . . . . 208 5.161 Excess retention ratios: HeapSim, V = 168503. . . . . . . . . . . . . . . . 209 5.162 Excess retention ratios: HeapSim, V = 205405. . . . . . . . . . . . . . . . 209

5.163 Excess retention ratios: HeapSim, V = 250387. . . . . . . . . . . . . . . . 209 5.164 Excess retention ratios: HeapSim, V = 305221. . . . . . . . . . . . . . . . 210 5.165 Excess retention ratios: HeapSim, V = 372063. . . . . . . . . . . . . . . . 210 5.166 Excess retention ratios: Lambda-Fact5, V = 7673. . . . . . . . . . . . . . 211 5.167 Excess retention ratios: Lambda-Fact5, V = 9354. . . . . . . . . . . . . . 211 5.168 Excess retention ratios: Lambda-Fact5, V = 11402. . . . . . . . . . . . . . 212 5.169 Excess retention ratios: Lambda-Fact5, V = 13899. . . . . . . . . . . . . . 212 5.170 Excess retention ratios: Lambda-Fact5, V = 16943. . . . . . . . . . . . . . 212 5.171 Excess retention ratios: Lambda-Fact5, V = 20654. . . . . . . . . . . . . . 213 5.172 Excess retention ratios: Lambda-Fact5, V = 25177. . . . . . . . . . . . . . 213 5.173 Excess retention ratios: Lambda-Fact6, V = 16669. . . . . . . . . . . . . . 214 5.174 Excess retention ratios: Lambda-Fact6, V = 20320. . . . . . . . . . . . . . 214 5.175 Excess retention ratios: Lambda-Fact6, V = 24770. . . . . . . . . . . . . . 215 5.176 Excess retention ratios: Lambda-Fact6, V = 30194. . . . . . . . . . . . . . 215 5.177 Excess retention ratios: Lambda-Fact6, V = 36807. . . . . . . . . . . . . . 215 5.178 Excess retention ratios: Lambda-Fact6, V = 44868. . . . . . . . . . . . . . 216 5.179 Excess retention ratios: Lambda-Fact6, V = 54693. . . . . . . . . . . . . . 216 5.180 Excess retention ratios: Lambda-Fact6, V = 66671. . . . . . . . . . . . . . 216 5.181 Excess retention ratios: Lambda-Fact6, V = 81272. . . . . . . . . . . . . . 217 5.182 Excess retention ratios: Swim, V = 21383. . . . . . . . . . . . . . . . . . 218 5.183 Excess retention ratios: Swim, V = 26066. . . . . . . . . . . . . . . . . . 218 5.184 Excess retention ratios: Swim, V = 31774. . . . . . . . . . . . . . . . . . 219 5.185 Excess retention ratios: Swim, V = 38733. . . . . . . . . . . . . . . . . . 219

5.186 Excess retention ratios: Swim, V = 47215. . . . . . . . . . . . . . . . . . 219 5.187 Excess retention ratios: Swim, V = 57555. . . . . . . . . . . . . . . . . . 220 5.188 Excess retention ratios: Swim, V = 70160. . . . . . . . . . . . . . . . . . 220 5.189 Excess retention ratios: Swim, V = 85524. . . . . . . . . . . . . . . . . . 220 5.190 Excess retention ratios: Swim, V = 104254. . . . . . . . . . . . . . . . . . 221 5.191 Excess retention ratios: Tomcatv, V = 37292. . . . . . . . . . . . . . . . . 222 5.192 Excess retention ratios: Tomcatv, V = 45459. . . . . . . . . . . . . . . . . 222 5.193 Excess retention ratios: Tomcatv, V = 55414. . . . . . . . . . . . . . . . . 223 5.194 Excess retention ratios: Tomcatv, V = 67550. . . . . . . . . . . . . . . . . 223 5.195 Excess retention ratios: Tomcatv, V = 82343. . . . . . . . . . . . . . . . . 223 5.196 Excess retention ratios: Tomcatv, V = 100376. . . . . . . . . . . . . . . . 224 5.197 Excess retention ratios: Tomcatv, V = 122358. . . . . . . . . . . . . . . . 224 5.198 Excess retention ratios: Tomcatv, V = 149154. . . . . . . . . . . . . . . . 224 5.199 Excess retention ratios: Tomcatv, V = 181818. . . . . . . . . . . . . . . . 225 5.200 Excess retention ratios: Tree-Replace-Binary, V = 11926. . . . . . . . . . 226 5.201 Excess retention ratios: Tree-Replace-Binary, V = 14538. . . . . . . . . . 226 5.202 Excess retention ratios: Tree-Replace-Binary, V = 17722. . . . . . . . . . 227 5.203 Excess retention ratios: Tree-Replace-Binary, V = 21603. . . . . . . . . . 227 5.204 Excess retention ratios: Tree-Replace-Binary, V = 26334. . . . . . . . . . 227 5.205 Excess retention ratios: Tree-Replace-Random, V = 15985. . . . . . . . . 228 5.206 Excess retention ratios: Tree-Replace-Random, V = 19486. . . . . . . . . 228 5.207 Excess retention ratios: Tree-Replace-Random, V = 23754. . . . . . . . . 229 5.208 Excess retention ratios: Tree-Replace-Random, V = 28956. . . . . . . . . 229

5.209 Excess retention ratios: Tree-Replace-Random, V = 35297. . . . . . . . . 229 5.210 Excess retention ratios: Tree-Replace-Random, V = 43027. . . . . . . . . 230 5.211 Excess retention ratios: Tree-Replace-Random, V = 52450. . . . . . . . . 230 5.212 Excess retention ratios: Tree-Replace-Random, V = 63936. . . . . . . . . 230 5.213 Excess retention ratios: Richards, V = 1826. . . . . . . . . . . . . . . . . 231 5.214 Excess retention ratios: Richards, V = 2225. . . . . . . . . . . . . . . . . 231 5.215 Excess retention ratios: Richards, V = 2713. . . . . . . . . . . . . . . . . 232 5.216 Excess retention ratios: Richards, V = 3307. . . . . . . . . . . . . . . . . 232 5.217 Excess retention ratios: Richards, V = 4032. . . . . . . . . . . . . . . . . 232 5.218 Excess retention ratios: Richards, V = 4914. . . . . . . . . . . . . . . . . 233 5.219 Excess retention ratios: Richards, V = 5991. . . . . . . . . . . . . . . . . 233 5.220 Excess retention ratios: Richards, V = 7303. . . . . . . . . . . . . . . . . 233 5.221 Excess retention ratios: Richards, V = 8902. . . . . . . . . . . . . . . . . 234 5.222 Excess retention ratios: JavaBYTEmark, V = 72807. . . . . . . . . . . . . 235 5.223 Excess retention ratios: JavaBYTEmark, V = 88752. . . . . . . . . . . . . 235 5.224 Excess retention ratios: JavaBYTEmark, V = 108188. . . . . . . . . . . . 236 5.225 Excess retention ratios: JavaBYTEmark, V = 131881. . . . . . . . . . . . 236 5.226 Excess retention ratios: Bloat-Bloat, V = 246766. . . . . . . . . . . . . . . 237 5.227 Excess retention ratios: Bloat-Bloat, V = 300808. . . . . . . . . . . . . . . 237 5.228 Excess retention ratios: Bloat-Bloat, V = 366682. . . . . . . . . . . . . . . 238 5.229 Excess retention ratios: Bloat-Bloat, V = 446984. . . . . . . . . . . . . . . 238 5.230 Excess retention ratios: Bloat-Bloat, V = 544872. . . . . . . . . . . . . . . 238 5.231 Excess retention ratios: Bloat-Bloat, V = 664195. . . . . . . . . . . . . . . 239

5.232 Excess retention ratios: Bloat-Bloat, V = 809650. . . . . . . . . . . . . . . 239 5.233 Excess retention ratios: Bloat-Bloat, V = 986959. . . . . . . . . . . . . . . 239 5.234 Excess retention ratios: Toba, V = 353843. . . . . . . . . . . . . . . . . . 240 5.235 Excess retention ratios: Toba, V = 431335. . . . . . . . . . . . . . . . . . 240 5.236 Excess retention ratios: Toba, V = 525794. . . . . . . . . . . . . . . . . . 241 5.237 Excess retention ratios: Toba, V = 640941. . . . . . . . . . . . . . . . . . 241 5.238 Excess retention ratios: Toba, V = 781303. . . . . . . . . . . . . . . . . . 241 5.239 Excess retention ratios: Toba, V = 952404. . . . . . . . . . . . . . . . . . 242 5.240 Excess retention ratios: Toba, V = 1160976. . . . . . . . . . . . . . . . . 242 5.241 Excess retention ratios: Toba, V = 1415223. . . . . . . . . . . . . . . . . 242 5.242 Excess retention ratios: Toba, V = 1725148. . . . . . . . . . . . . . . . . 243 5.243 Copying cost, with FC-OPT: StandardNonInteractive, V = 1414. . . . . . . 244 5.244 Copying cost, with FC-OPT: StandardNonInteractive, V = 1723. . . . . . . 244 5.245 Copying cost, with FC-OPT: StandardNonInteractive, V = 2101. . . . . . . 245 5.246 Copying cost, with FC-OPT: StandardNonInteractive, V = 2561. . . . . . . 245 5.247 Copying cost, with FC-OPT: StandardNonInteractive, V = 3122. . . . . . . 245 5.248 Copying cost, with FC-OPT: StandardNonInteractive, V = 3805. . . . . . . 246 5.249 Copying cost, with FC-OPT: StandardNonInteractive, V = 4639. . . . . . . 246 5.250 Copying cost, with FC-OPT: StandardNonInteractive, V = 5655. . . . . . . 246 5.251 Copying cost, with FC-OPT: StandardNonInteractive, V = 6894. . . . . . . 247 5.252 Copying cost, with FC-OPT: Lambda-Fact5, V = 7673. . . . . . . . . . . . 248 5.253 Copying cost, with FC-OPT: Lambda-Fact5, V = 9354. . . . . . . . . . . . 248 5.254 Copying cost, with FC-OPT: Lambda-Fact5, V = 11402. . . . . . . . . . . 249

5.255 Copying cost, with FC-OPT: Lambda-Fact5, V = 13899. . . . . . . . . . . 249 5.256 Copying cost, with FC-OPT: Lambda-Fact5, V = 16943. . . . . . . . . . . 249 5.257 Copying cost, with FC-OPT: Lambda-Fact5, V = 20654. . . . . . . . . . . 250 5.258 Copying cost, with FC-OPT: Lambda-Fact5, V = 25177. . . . . . . . . . . 250 5.259 Copying cost, with FC-OPT: Tree-Replace-Random, V = 15985. . . . . . . 251 5.260 Copying cost, with FC-OPT: Tree-Replace-Random, V = 19486. . . . . . . 251 5.261 Copying cost, with FC-OPT: Tree-Replace-Random, V = 23754. . . . . . . 252 5.262 Copying cost, with FC-OPT: Tree-Replace-Random, V = 28956. . . . . . . 252 5.263 Copying cost, with FC-OPT: Tree-Replace-Random, V = 35297. . . . . . . 252 5.264 Copying cost, with FC-OPT: Tree-Replace-Random, V = 43027. . . . . . . 253 5.265 Copying cost, with FC-OPT: Tree-Replace-Random, V = 52450. . . . . . . 253 5.266 Copying cost, with FC-OPT: Tree-Replace-Random, V = 63936. . . . . . . 253 5.267 Demise graphs: Interactive-AllCallsOn. . . . . . . . . . . . . . . . . . . . 254 5.268 Demise graphs: Interactive-TextEditing. . . . . . . . . . . . . . . . . . . . 255 5.269 Demise graphs: StandardNonInteractive. . . . . . . . . . . . . . . . . . . 256 5.270 Demise graphs: HeapSim. . . . . . . . . . . . . . . . . . . . . . . . . . . 257 5.271 Demise graphs: Lambda-Fact5. . . . . . . . . . . . . . . . . . . . . . . . 258 5.272 Demise graphs: Lambda-Fact6. . . . . . . . . . . . . . . . . . . . . . . . 259 5.273 Demise graphs: Swim. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 260 5.274 Demise graphs: Tomcatv. . . . . . . . . . . . . . . . . . . . . . . . . . . 261 5.275 Demise graphs: Tree-Replace-Binary. . . . . . . . . . . . . . . . . . . . . 262 5.276 Demise graphs: Tree-Replace-Random. . . . . . . . . . . . . . . . . . . . 263 5.277 Demise graphs: Richards. . . . . . . . . . . . . . . . . . . . . . . . . . . 264

5.278 Demise graphs: JavaBYTEmark. . . . . . . . . . . . . . . . . . . . . . . . 265 5.279 Demise graphs: Bloat-Bloat. . . . . . . . . . . . . . . . . . . . . . . . . . 266 5.280 Demise graphs: Toba. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 267 5.281 Demise position as mortality: Interactive-AllCallsOn. . . . . . . . . . . . . 268 5.282 Demise position as mortality: Interactive-TextEditing. . . . . . . . . . . . . 269 5.283 Demise position as mortality: StandardNonInteractive. . . . . . . . . . . . 269 5.284 Demise position as mortality: HeapSim. . . . . . . . . . . . . . . . . . . . 270 5.285 Demise position as mortality: Lambda-Fact5. . . . . . . . . . . . . . . . . 270 5.286 Demise position as mortality: Lambda-Fact6. . . . . . . . . . . . . . . . . 271 5.287 Demise position as mortality: Swim. . . . . . . . . . . . . . . . . . . . . . 271 5.288 Demise position as mortality: Tomcatv. . . . . . . . . . . . . . . . . . . . 272 5.289 Demise position as mortality: Tree-Replace-Binary. . . . . . . . . . . . . . 272 5.290 Demise position as mortality: Tree-Replace-Random. . . . . . . . . . . . . 273 5.291 Demise position as mortality: Richards. . . . . . . . . . . . . . . . . . . . 273 5.292 Demise position as mortality: JavaBYTEmark. . . . . . . . . . . . . . . . 274 5.293 Demise position as mortality: Bloat-Bloat. . . . . . . . . . . . . . . . . . . 274 5.294 Demise position as mortality: Toba. . . . . . . . . . . . . . . . . . . . . . 275 6.1 Copying and pointer cost tradeoff: Interactive-AllCallsOn. . . . . . . . . . . 389 6.2 Copying and pointer cost tradeoff: Interactive-TextEditing. . . . . . . . . . 390 6.3 Copying and pointer cost tradeoff: StandardNonInteractive. . . . . . . . . . 390 6.4 Copying and pointer cost tradeoff: HeapSim. . . . . . . . . . . . . . . . . 391 6.5 Copying and pointer cost tradeoff: Lambda-Fact5. . . . . . . . . . . . . . 391

6.6 Copying and pointer cost tradeoff: Lambda-Fact6. . . . . . . . . . . . . . 392 6.7 Copying and pointer cost tradeoff: Swim. . . . . . . . . . . . . . . . . . . 392 6.8 Copying and pointer cost tradeoff: Tomcatv. . . . . . . . . . . . . . . . . . 393 6.9 Copying and pointer cost tradeoff: Tree-Replace-Binary. . . . . . . . . . . 393 6.10 Copying and pointer cost tradeoff: Bloat-Bloat. . . . . . . . . . . . . . . . 394 6.11 Copying and pointer cost tradeoff: Toba. . . . . . . . . . . . . . . . . . . 394 6.12 Pointer store heap position: Interactive-AllCallsOn. . . . . . . . . . . . . . 395 6.13 Pointer store heap position: Interactive-TextEditing. . . . . . . . . . . . . . 396 6.14 Pointer store heap position: StandardNonInteractive. . . . . . . . . . . . . 397 6.15 Pointer store heap position: HeapSim. . . . . . . . . . . . . . . . . . . . . 398 6.16 Pointer store heap position: Lambda-Fact5. . . . . . . . . . . . . . . . . . 399 6.17 Pointer store heap position: Lambda-Fact6. . . . . . . . . . . . . . . . . . 400 6.18 Pointer store heap position: Swim. . . . . . . . . . . . . . . . . . . . . . . 401 6.19 Pointer store heap position: Tomcatv. . . . . . . . . . . . . . . . . . . . . 402 6.20 Pointer store heap position: Tree-Replace-Binary. . . . . . . . . . . . . . . 403 6.21 Pointer store heap position: Tree-Replace-Random. . . . . . . . . . . . . . 404 6.22 Pointer store heap position: Richards. . . . . . . . . . . . . . . . . . . . . 405 6.23 Pointer store heap position: JavaBYTEmark. . . . . . . . . . . . . . . . . 406 6.24 Pointer store heap position: Bloat-Bloat. . . . . . . . . . . . . . . . . . . . 407 6.25 Pointer store heap position: Toba. . . . . . . . . . . . . . . . . . . . . . . 408 6.26 DOF pointer position distributions: StandardNonInteractive. . . . . . . . . 409 6.27 DOF pointer position distributions: HeapSim. . . . . . . . . . . . . . . . . 410 6.28 DOF pointer position distributions: Richards. . . . . . . . . . . . . . . . . 411

6.29 DOF pointer position distributions: Lambda-Fact5. . . . . . . . . . . . . . 412 6.30 DOF pointer position distributions: Bloat-Bloat. . . . . . . . . . . . . . . . 413 6.31 DOF pointer position distributions: JavaBYTEmark. . . . . . . . . . . . . 414 6.32 Relative invocation counts: Interactive-AllCallsOn, V = 764. . . . . . . . . 415 6.33 Relative invocation counts: Interactive-AllCallsOn, V = 931. . . . . . . . . 415 6.34 Relative invocation counts: Interactive-AllCallsOn, V = 1135. . . . . . . . . 416 6.35 Relative invocation counts: Interactive-AllCallsOn, V = 1384. . . . . . . . . 416 6.36 Relative invocation counts: Interactive-AllCallsOn, V = 1687. . . . . . . . . 416 6.37 Relative invocation counts: Interactive-AllCallsOn, V = 2057. . . . . . . . . 417 6.38 Relative invocation counts: Interactive-TextEditing, V = 1338. . . . . . . . 418 6.39 Relative invocation counts: Interactive-TextEditing, V = 1631. . . . . . . . 418 6.40 Relative invocation counts: Interactive-TextEditing, V = 1988. . . . . . . . 419 6.41 Relative invocation counts: Interactive-TextEditing, V = 2424. . . . . . . . 419 6.42 Relative invocation counts: Interactive-TextEditing, V = 2955. . . . . . . . 419 6.43 Relative invocation counts: StandardNonInteractive, V = 1414. . . . . . . . 420 6.44 Relative invocation counts: StandardNonInteractive, V = 1723. . . . . . . . 420 6.45 Relative invocation counts: StandardNonInteractive, V = 2101. . . . . . . . 421 6.46 Relative invocation counts: StandardNonInteractive, V = 2561. . . . . . . . 421 6.47 Relative invocation counts: StandardNonInteractive, V = 3122. . . . . . . . 421 6.48 Relative invocation counts: StandardNonInteractive, V = 3805. . . . . . . . 422 6.49 Relative invocation counts: StandardNonInteractive, V = 4639. . . . . . . . 422 6.50 Relative invocation counts: StandardNonInteractive, V = 5655. . . . . . . . 422 6.51 Relative invocation counts: StandardNonInteractive, V = 6894. . . . . . . . 423

6.52 Relative invocation counts: HeapSim, V = 113397. . . . . . . . . . . . . . 424 6.53 Relative invocation counts: HeapSim, V = 138231. . . . . . . . . . . . . . 424 6.54 Relative invocation counts: HeapSim, V = 168503. . . . . . . . . . . . . . 425 6.55 Relative invocation counts: HeapSim, V = 205405. . . . . . . . . . . . . . 425 6.56 Relative invocation counts: HeapSim, V = 250387. . . . . . . . . . . . . . 425 6.57 Relative invocation counts: HeapSim, V = 305221. . . . . . . . . . . . . . 426 6.58 Relative invocation counts: HeapSim, V = 372063. . . . . . . . . . . . . . 426 6.59 Relative invocation counts: Lambda-Fact5, V = 7673. . . . . . . . . . . . 427 6.60 Relative invocation counts: Lambda-Fact5, V = 9354. . . . . . . . . . . . 427 6.61 Relative invocation counts: Lambda-Fact5, V = 11402. . . . . . . . . . . . 428 6.62 Relative invocation counts: Lambda-Fact5, V = 13899. . . . . . . . . . . . 428 6.63 Relative invocation counts: Lambda-Fact5, V = 16943. . . . . . . . . . . . 428 6.64 Relative invocation counts: Lambda-Fact5, V = 20654. . . . . . . . . . . . 429 6.65 Relative invocation counts: Lambda-Fact5, V = 25177. . . . . . . . . . . . 429 6.66 Relative invocation counts: Lambda-Fact6, V = 16669. . . . . . . . . . . . 430 6.67 Relative invocation counts: Lambda-Fact6, V = 20320. . . . . . . . . . . . 430 6.68 Relative invocation counts: Lambda-Fact6, V = 24770. . . . . . . . . . . . 431 6.69 Relative invocation counts: Lambda-Fact6, V = 30194. . . . . . . . . . . . 431 6.70 Relative invocation counts: Lambda-Fact6, V = 36807. . . . . . . . . . . . 431 6.71 Relative invocation counts: Lambda-Fact6, V = 44868. . . . . . . . . . . . 432 6.72 Relative invocation counts: Lambda-Fact6, V = 54693. . . . . . . . . . . . 432 6.73 Relative invocation counts: Lambda-Fact6, V = 66671. . . . . . . . . . . . 432 6.74 Relative invocation counts: Lambda-Fact6, V = 81272. . . . . . . . . . . . 433

6.75 Relative invocation counts: Swim, V = 21383. . . . . . . . . . . . . . . . 434 6.76 Relative invocation counts: Swim, V = 26066. . . . . . . . . . . . . . . . 434 6.77 Relative invocation counts: Swim, V = 31774. . . . . . . . . . . . . . . . 435 6.78 Relative invocation counts: Swim, V = 38733. . . . . . . . . . . . . . . . 435 6.79 Relative invocation counts: Swim, V = 47215. . . . . . . . . . . . . . . . 435 6.80 Relative invocation counts: Swim, V = 57555. . . . . . . . . . . . . . . . 436 6.81 Relative invocation counts: Swim, V = 70160. . . . . . . . . . . . . . . . 436 6.82 Relative invocation counts: Swim, V = 85524. . . . . . . . . . . . . . . . 436 6.83 Relative invocation counts: Swim, V = 104254. . . . . . . . . . . . . . . . 437 6.84 Relative invocation counts: Tomcatv, V = 37292. . . . . . . . . . . . . . . 438 6.85 Relative invocation counts: Tomcatv, V = 45459. . . . . . . . . . . . . . . 438 6.86 Relative invocation counts: Tomcatv, V = 55414. . . . . . . . . . . . . . . 439 6.87 Relative invocation counts: Tomcatv, V = 67550. . . . . . . . . . . . . . . 439 6.88 Relative invocation counts: Tomcatv, V = 82343. . . . . . . . . . . . . . . 439 6.89 Relative invocation counts: Tomcatv, V = 100376. . . . . . . . . . . . . . 440 6.90 Relative invocation counts: Tomcatv, V = 122358. . . . . . . . . . . . . . 440 6.91 Relative invocation counts: Tomcatv, V = 149154. . . . . . . . . . . . . . 440 6.92 Relative invocation counts: Tomcatv, V = 181818. . . . . . . . . . . . . . 441 6.93 Relative invocation counts: Tree-Replace-Binary, V = 11926. . . . . . . . 442 6.94 Relative invocation counts: Tree-Replace-Binary, V = 14538. . . . . . . . 442 6.95 Relative invocation counts: Tree-Replace-Binary, V = 17722. . . . . . . . 443 6.96 Relative invocation counts: Tree-Replace-Binary, V = 21603. . . . . . . . 443 6.97 Relative invocation counts: Tree-Replace-Binary, V = 26334. . . . . . . . 443

6.98 Relative invocation counts: Tree-Replace-Random, V = 15985. . . . . . . 444 6.99 Relative invocation counts: Tree-Replace-Random, V = 19486. . . . . . . 444 6.100 Relative invocation counts: Tree-Replace-Random, V = 23754. . . . . . . 445 6.101 Relative invocation counts: Tree-Replace-Random, V = 28956. . . . . . . 445 6.102 Relative invocation counts: Tree-Replace-Random, V = 35297. . . . . . . 445 6.103 Relative invocation counts: Tree-Replace-Random, V = 43027. . . . . . . 446 6.104 Relative invocation counts: Tree-Replace-Random, V = 52450. . . . . . . 446 6.105 Relative invocation counts: Tree-Replace-Random, V = 63936. . . . . . . 446 6.106 Relative invocation counts: Richards, V = 1826. . . . . . . . . . . . . . . 447 6.107 Relative invocation counts: Richards, V = 2225. . . . . . . . . . . . . . . 447 6.108 Relative invocation counts: Richards, V = 2713. . . . . . . . . . . . . . . 448 6.109 Relative invocation counts: Richards, V = 3307. . . . . . . . . . . . . . . 448 6.110 Relative invocation counts: Richards, V = 4032. . . . . . . . . . . . . . . 448 6.111 Relative invocation counts: Richards, V = 4914. . . . . . . . . . . . . . . 449 6.112 Relative invocation counts: Richards, V = 5991. . . . . . . . . . . . . . . 449 6.113 Relative invocation counts: Richards, V = 7303. . . . . . . . . . . . . . . 449 6.114 Relative invocation counts: Richards, V = 8902. . . . . . . . . . . . . . . 450 6.115 Relative invocation counts: JavaBYTEmark, V = 72807. . . . . . . . . . . 451 6.116 Relative invocation counts: JavaBYTEmark, V = 88752. . . . . . . . . . . 451 6.117 Relative invocation counts: JavaBYTEmark, V = 108188. . . . . . . . . . 452 6.118 Relative invocation counts: JavaBYTEmark, V = 131881. . . . . . . . . . 452 6.119 Relative invocation counts: Bloat-Bloat, V = 246766. . . . . . . . . . . . . 453 6.120 Relative invocation counts: Bloat-Bloat, V = 300808. . . . . . . . . . . . . 453

6.121 Relative invocation counts: Bloat-Bloat, V = 366682. . . . . . . . . . . . . 454 6.122 Relative invocation counts: Bloat-Bloat, V = 446984. . . . . . . . . . . . . 454 6.123 Relative invocation counts: Bloat-Bloat, V = 544872. . . . . . . . . . . . . 454 6.124 Relative invocation counts: Bloat-Bloat, V = 664195. . . . . . . . . . . . . 455 6.125 Relative invocation counts: Bloat-Bloat, V = 809650. . . . . . . . . . . . . 455 6.126 Relative invocation counts: Bloat-Bloat, V = 986959. . . . . . . . . . . . . 455 6.127 Relative invocation counts: Toba, V = 353843. . . . . . . . . . . . . . . . 456 6.128 Relative invocation counts: Toba, V = 431335. . . . . . . . . . . . . . . . 456 6.129 Relative invocation counts: Toba, V = 525794. . . . . . . . . . . . . . . . 457 6.130 Relative invocation counts: Toba, V = 640941. . . . . . . . . . . . . . . . 457 6.131 Relative invocation counts: Toba, V = 781303. . . . . . . . . . . . . . . . 457 6.132 Relative invocation counts: Toba, V = 952404. . . . . . . . . . . . . . . . 458 6.133 Relative invocation counts: Toba, V = 1160976. . . . . . . . . . . . . . . 458 6.134 Relative invocation counts: Toba, V = 1415223. . . . . . . . . . . . . . . 458 6.135 Relative invocation counts: Toba, V = 1725148. . . . . . . . . . . . . . . 459