- iii -

Table of Contents

Chapter 1: Introduction 1. Thesis statement ................................................................................................................................... 1 2. The Aquarius compiler ........................................................................................................................ 3 3. Structure of the dissertation ................................................................................................................. 4 4. Contributions ....................................................................................................................................... 6 4.1. Demonstration of high performance Prolog execution .......................................................... 6 4.2. Test of the thesis statement ..................................................................................................... 6 4.3. Development of a new abstract machine ................................................................................ 7 4.4. Development of the Aquarius compiler .................................................................................. 8 4.5. Development of a global dataflow analyzer ........................................................................... 8 4.6. Development of a tool for applicative programming ............................................................. 9

Chapter 2: Prolog and Its High Performance Execution 1. The Prolog language ............................................................................................................................ 10 1.1. Data ......................................................................................................................................... 11 1.1.1. The logical variable ................................................................................................... 11 1.1.2. Dynamic typing ......................................................................................................... 11 1.1.3. Unification ................................................................................................................. 12 1.2. Control .................................................................................................................................... 12 1.2.1. The cut operation ....................................................................................................... 13 1.2.2. The disjunction .......................................................................................................... 13 1.2.3. If-then-else ................................................................................................................. 14 1.2.4. Negation-as-failure .................................................................................................... 14 1.3. Syntax ..................................................................................................................................... 14 2. The principles of high performance Prolog execution ........................................................................ 16 2.1. Operational semantics of Prolog ............................................................................................. 16 2.2. Principles of the WAM ........................................................................................................... 18 2.2.1. Implementation of dynamic typing with tags ............................................................ 19 2.2.2. Exploit determinism ................................................................................................... 20 2.2.3. Specialize unification ................................................................................................. 21 2.2.4. Map execution to a real machine ............................................................................... 22 2.3. Description of the WAM ........................................................................................................ 22 2.3.1. Memory areas ............................................................................................................ 22 2.3.2. Execution state ........................................................................................................... 24 2.3.3. The instruction set ...................................................................................................... 25 2.3.4. An example of WAM code ........................................................................................ 25

- iv -

2.3.5. Compiling into WAM ................................................................................................ 26 3. Going beyond the WAM ..................................................................................................................... 27 3.1. Reduce instruction granularity ................................................................................................ 28 3.2. Exploit determinism ................................................................................................................ 29 3.2.1. Measurement of determinism .................................................................................... 29 3.2.2. Ramifications of exploiting determinism ................................................................... 30 3.3. Specialize unification .............................................................................................................. 31 3.3.1. Simplifying variable binding ..................................................................................... 32 3.4. Dataflow analysis .................................................................................................................... 33 4. Related work ........................................................................................................................................ 33 4.1. Reduce instruction granularity ................................................................................................ 34 4.2. Exploit determinism ................................................................................................................ 34 4.3. Specialize unification .............................................................................................................. 35 4.4. Dataflow analysis .................................................................................................................... 36 4.5. Other implementations ............................................................................................................ 37 4.5.1. Implementing Prolog on general-purpose machines ................................................. 37 4.5.1.1. Taylor’s system ............................................................................................. 38 4.5.1.2. IBM Prolog ................................................................................................... 38 4.5.1.3. SICStus Prolog .............................................................................................. 38 4.5.1.4. SB-Prolog ..................................................................................................... 39 4.5.2. Implementing Prolog on special-purpose machines .................................................. 39 4.5.2.1. PLM .............................................................................................................. 39 4.5.2.2. SPUR ............................................................................................................ 40 4.5.2.3. PSI-II and PIM/p ........................................................................................... 40 4.5.2.4. KCM ............................................................................................................. 40 4.5.2.5. VLSI-BAM ................................................................................................... 40

Chapter 3: The Two Representation Languages 1. Introduction .......................................................................................................................................... 42 2. Kernel Prolog ....................................................................................................................................... 42 2.1. Internal predicates of kernel Prolog ....................................................................................... 44 2.2. Converting standard Prolog to kernel Prolog ......................................................................... 46 2.2.1. Standard form transformation .................................................................................... 46 2.2.2. Head unraveling ......................................................................................................... 46 2.2.3. Arithmetic transformation ......................................................................................... 48 2.2.4. Cut transformation ..................................................................................................... 48 2.2.5. Flattening ................................................................................................................... 49 3. The Berkeley Abstract Machine (BAM) ............................................................................................. 51 3.1. Data types in the BAM ........................................................................................................... 52 3.2. An overview of the BAM ....................................................................................................... 55 3.3. Justification of the complex instructions ................................................................................ 57 3.4. Justification of the instructions needed for unification ........................................................... 59 3.4.1. The existence of read mode and write mode ............................................................. 61

- v -

3.4.2. The need for dereferencing ........................................................................................ 62 3.4.3. The need for a three-way branch ............................................................................... 62 3.4.4. Constructing the read mode instructions ................................................................... 63 3.4.5. Constructing the write mode instructions .................................................................. 64 3.4.6. Representation of variables ....................................................................................... 66 3.4.7. Summary of the unification instructions .................................................................... 67

Chapter 4: Kernel transformations 1. Introduction .......................................................................................................................................... 68 2. Types as logical formulas .................................................................................................................... 69 3. Formula manipulation .......................................................................................................................... 71 4. Factoring .............................................................................................................................................. 73 5. Global dataflow analysis ...................................................................................................................... 77 5.1. The theory of abstract interpretation ...................................................................................... 77 5.2. A practical application of abstract interpretation to Prolog .................................................... 80 5.2.1. The program lattice .................................................................................................... 81 5.2.2. An example of generating an uninitialized variable type .......................................... 82 5.2.3. Properties of the lattice elements ............................................................................... 83 5.3. Implementation of the analysis algorithm .............................................................................. 84 5.3.1. Data representation .................................................................................................... 84 5.3.2. Evolution of the analyzer ........................................................................................... 85 5.3.3. The analysis algorithm ............................................................................................... 86 5.3.4. Execution time of analysis ......................................................................................... 88 5.3.5. Symbolic execution of a predicate ............................................................................. 91 5.3.6. Symbolic execution of a goal .................................................................................... 91 5.3.6.1. Unification goals ........................................................................................... 91 5.3.6.2. Goals defined in the program ........................................................................ 93 5.3.6.3. Goals not defined in the program ................................................................. 93 5.3.7. An example of analysis .............................................................................................. 93 5.4. Integrating analysis into the compiler .................................................................................... 94 5.4.1. Entry specialization ................................................................................................... 96 5.4.2. Uninitialized register conversion ............................................................................... 96 5.4.3. Head unraveling ......................................................................................................... 97 6. Determinism transformation ................................................................................................................ 98 6.1. Head-body segmentation ........................................................................................................ 99 6.2. Type enrichment ..................................................................................................................... 100 6.3. Goal reordering ....................................................................................................................... 102 6.4. Determinism extraction with test sets ..................................................................................... 103 6.4.1. Definitions .................................................................................................................. 104 6.4.2. Some examples .......................................................................................................... 105 6.4.3. The algorithm ............................................................................................................. 106

- vi -

Chapter 5: Compiling Kernel Prolog to BAM Code 1. Introduction .......................................................................................................................................... 110 2. The predicate compiler ........................................................................................................................ 110 2.1. The determinism compiler ...................................................................................................... 111 2.2. The disjunction compiler ........................................................................................................ 111 3. The clause compiler ............................................................................................................................. 114 3.1. Overview of clause compilation and register allocation ........................................................ 115 3.1.1. Construction of the varlist ......................................................................................... 116 3.1.2. The register allocator ................................................................................................. 116 3.1.3. The final result ........................................................................................................... 118 3.2. The goal compiler ................................................................................................................... 118 3.2.1. An example of goal compilation ............................................................................... 122 3.3. The unification compiler ......................................................................................................... 123 3.3.1. The unification algorithm .......................................................................................... 123 3.3.2. Optimizations ............................................................................................................. 124 3.3.2.1. Optimal write mode unification .................................................................... 124 3.3.2.2. Last argument optimization .......................................................................... 125 3.3.2.3. Type propagation .......................................................................................... 126 3.3.2.4. Depth limiting ............................................................................................... 127 3.3.3. Examples of unification ............................................................................................. 127 3.4. Entry specialization ................................................................................................................ 130 3.5. The write-once transformation ............................................................................................... 132 3.6. The dereference chain transformation .................................................................................... 134

Chapter 6: BAM Transformations 1. Introduction .......................................................................................................................................... 137 2. Definitions ............................................................................................................................................ 137 3. The transformations ............................................................................................................................. 137 3.1. Duplicate code elimination ..................................................................................................... 138 3.2. Dead code elimination ............................................................................................................ 139 3.3. Jump elimination .................................................................................................................... 139 3.4. Label elimination .................................................................................................................... 140 3.5. Synonym optimization ............................................................................................................ 140 3.6. Peephole optimization ............................................................................................................ 141 3.7. Determinism optimization ...................................................................................................... 141

Chapter 7: Evaluation of the Aquarius system 1. Introduction .......................................................................................................................................... 144 2. Absolute performance .......................................................................................................................... 145 3. The effectiveness of the dataflow analysis .......................................................................................... 148 4. The effectiveness of the determinism transformation ......................................................................... 152 5. Prolog and C ........................................................................................................................................ 154 6. Bug analysis ......................................................................................................................................... 157

- vii - Chapter 8: Concluding Remarks and Future Work 1. Introduction .......................................................................................................................................... 159 2. Main result ........................................................................................................................................... 159 3. Practical lessons ................................................................................................................................... 159 4. Language design .................................................................................................................................. 160 5. Future work .......................................................................................................................................... 161 5.1. Dataflow analysis .................................................................................................................... 162 5.2. Determinism ........................................................................................................................... 163 References ............................................................................................................................................. 164 Appendix A: User manual for the Aquarius Prolog compiler ........................................................ 171 Appendix B: Formal specification of the Berkeley Abstract Machine syntax ............................... 179 Appendix C: Formal specification of the Berkeley Abstract Machine semantics ......................... 184 Appendix D: Semantics of the Berkeley Abstract Machine ............................................................ 203 Appendix E: Extended DCG notation: A tool for applicative programming in Prolog ............... 213 Appendix F: Source code of the C and Prolog benchmarks ............................................................ 220 Appendix G: Source code of the Aquarius Prolog compiler ........................................................... 224