c Copyright 1991

David Gordon Bradlee

Retargetable Instruction Sc heduling for Pip elined Pro cessors

by

David Gordon Bradlee

A dissertation submitted in partial ful�llment

of the requirements for the degree of

Do ctor of Philosophy

University of W ashington

1991

Approved by

Susan J. Eggers

Rob ert R. Henry

Program Authorized

to O�er Degree

Date

University of W ashington

Abstract

Retargetable Instruction Sc heduling for Pip elined Pro cessors

by David Gordon Bradlee

Chairp erson of the Sup ervisory Committee: Professor Susan J. Eggers

Department of Computer Science and Engineering

Retargetable co de generators for complex instruction set computers (CISCs) have fo cused on

sophisticated pattern matching co de selection, b ecause CISCs provide many machine instruction se-

quence choices. Recent pip elined pro cessors, known as reduced instruction set computers (RISCs),

provide fewer instruction sequence choices, but exp ose pip eline and functional unit costs to the

compiler. F or RISCs the compiler’s emphasis must b e shifted from co de selection to instruction

scheduling, resulting in co de generation issues that are di�erent than those for CISCs. In partic-

ular, the machine description language for a retargetable RISC compiler must contain scheduling

requirements. Also, the interaction b etween register allo cation and instruction scheduling is signif-

icant.

This dissertation comprises three comp onents. The �rst comp onent discusses the Marion re-

targetable co de generator system, which includes a machine description language that contains

instruction scheduling requirements, along with other co de generation information. Using Marion,

co de generators have b een constructed for the MIPS R2000, Motorola 88000, Intel i860. The second

comp onent compares three co de generation strategies for handling the interaction b etween instruc-

tion scheduling and register allo cation, including one that I develop ed, RASE, that integrates the

two phases. On a computation-intensiv e workload for three RISCs, RASE pro duces signi�cantly

b etter co de than the Postpass strategy

, which do es not integrate the two phases, and slightly b etter

co de than IPS, which integrates the two phases to a lesser degree than RASE. The third comp onent

investigates the interaction b etween co de generation strategies and architectural features, includ-

ing register set size and structure, and op eration and load latencies. On a computation-intensiv e

workload, 64 registers yields a signi�cant improvement over 32 registers for Postpass, but little

improvement for IPS or RASE. This study also shows that, on architectures with long latencies

or small register sets, or on programs with large basic blo cks, RASE pro duces signi�cantly b etter

co de than IPS.

T able of Con ten ts

List of Figures : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : vii

List of T ables : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : ix

Chapter 1: Intro duction : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 1

1.1 Retargetable Instruction Scheduling : : : : : : : : : : : : : : : : : : : : : : : : : : : 2

1.2 Co de Generation Strategies : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 3

1.3 Architecture Investigations : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 4

1.4 Dissertation Organization : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 4

Chapter 2: Pip elined Architectures : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 7

2.1 MIPS R2000 : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 8

2.2 Motorola 88000 : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 9

2.3 Intel i860 : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 10

Chapter 3: Marion Co de Generation Construction System : : : : : : : : : : : : : : : : : : : : 13

3.1 Related W ork : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 14

3.2 F ront End and Intermediate Language : : : : : : : : : : : : : : : : : : : : : : : : : : 16

3.3 Marion Machine Description Language : : : : : : : : : : : : : : : : : : : : : : : : : : 17

3.3.1 Declarations : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 18

3.3.2 Runtime Mo del : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 18

3.3.3 Instructions : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 20

3.3.4 Mapping the IL : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 22

3.4 Co de Generator Generator : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 23

3.5 Co de Selection : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 25

3.6 Co de Generator Structure : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 29

3.7 Register Allo cation : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 29

3.7.1 Chaitin-style Register Allo cation : : : : : : : : : : : : : : : : : : : : : : : : : 29

3.7.2 Chow-style Register Allo cation : : : : : : : : : : : : : : : : : : : : : : : : : : 32

3.8 Summary : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 33

Chapter 4: Instruction Scheduling : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 35

4.1 Co de DAG : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 35

4.2 Scheduling Algorithms : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 36

4.3 Structural Hazards : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 38

4.4 Control Hazards : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 39

4.5 Classes and Clo cks : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 39

4.6 T emp oral Scheduling : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 41

4.7 T emp oral Scheduling with Chaining : : : : : : : : : : : : : : : : : : : : : : : : : : : 48

4.8 Scheduling for the i860 : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 54

4.9 Ev aluation of T emp oral Scheduling : : : : : : : : : : : : : : : : : : : : : : : : : : : : 56

4.10 Summary : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 59

Chapter 5: Metho dology : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 61

5.1 W orkload : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 61

5.2 Measurement Criteria : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 62

Chapter 6: Integrating Register Allo cation and Instruction Scheduling : : : : : : : : : : : : : 63

6.1 The Problem : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 64

6.2 Co de Generation Strategies : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 66

6.2.1 Postpass Scheduling : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 67

6.2.2 Integrated Prepass Scheduling : : : : : : : : : : : : : : : : : : : : : : : : : : 68

6.2.3 RASE Co de Generation : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 70

6.3 Results : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 77

6.4 Summary : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 82

Chapter 7: Register Sets and Latency V ersus Co de Generation Strategy : : : : : : : : : : : : 85

7.1 Metho dology : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 85

7.2 Exp eriments and Results : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 87

7.2.1 Register Set Size : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 87

7.2.2 Register Set Organization : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 89

7.2.3 Op eration Latency : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 91

7.2.4 Load Latency : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 92

7.2.5 Co de Generation Strategy : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 94

7.2.6 E�ect of Lo op Optimizations : : : : : : : : : : : : : : : : : : : : : : : : : : : 96

7.3 Related W ork : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 96

7.4 Summary : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 99

Chapter 8: Ev aluation : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 115

8.1 Machine Descriptions : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 115

8.2 System Size and Performance : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 116

8.3 Supp ort for RISC Architectures : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 120

Chapter 9: Conclusion : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 123

9.1 A Pro duction System : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 124

9.2 F uture Directions : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 124

Bibliography : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 127

App endix A: MIPS R2000 Machine Description : : : : : : : : : : : : : : : : : : : : : : : : : : 133

App endix B: MIPS R2000 Machine Description to Interface with the MIPS Assembler : : : : 147

App endix C: Motorola 88000 Machine Description : : : : : : : : : : : : : : : : : : : : : : : : 161

App endix D: Intel i860 Machine Description : : : : : : : : : : : : : : : : : : : : : : : : : : : : 175

App endix E: Sample Output : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 199

E.1 R2000 Output : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 200

E.2 88000 Output : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 201

E.3 i860 Output : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 202

App endix F: Raw Data : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 205 vi

List of Figures

3.1 Marion structure : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 14

3.2 TOYP declarations : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 18

3.3 TOYP Compiler W riter’s Virtual Machine : : : : : : : : : : : : : : : : : : : : : : : 19

3.4 TOYP instructions : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 21

3.5 Example escap e function : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 23

3.6 Glue transformations : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 24

3.7 Sample TOYP co de : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 24

3.8 Algorithm for matching the IL : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 26

3.9 Example IL sub ject tree : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 27

3.10 T ree patterns : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 27

3.11 Pattern matcher tables : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 28

3.12 Co de generator structure : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 30

4.1 Example DAG : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 37

4.2 Maril directives for i860 integer add and oating p oint move instructions : : : : : : 39

4.3 Maril description for i860 oating p oint multiply : : : : : : : : : : : : : : : : : : : : 41

4.4 Scheduling deadlo ck : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 43

4.5 Algorithm protect temp oral sequence : : : : : : : : : : : : : : : : : : : : : : : : : : 45

4.6 Alternate entries into temp oral sequences : : : : : : : : : : : : : : : : : : : : : : : : 46

4.7 Lemma 2 example : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 47

4.8 Instructions for the i860 add pip eline : : : : : : : : : : : : : : : : : : : : : : : : : : 49

4.9 Example temp oral tree : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 50

4.10 Mo di�ed algorithm protect temp oral sequence : : : : : : : : : : : : : : : : : : : : : 52

4.11 Marion’s view of the i860 FPU data path : : : : : : : : : : : : : : : : : : : : : : : : 55

4.12 Element and class declarations for the i860 : : : : : : : : : : : : : : : : : : : : : : : 57

4.13 Co de pro duced by the Marion i860 Postpass compiler : : : : : : : : : : : : : : : : : 58

6.1 Example: register allo cation precedes instruction scheduling : : : : : : : : : : : : : 65

6.2 Two schedules for indep ende nt loads and adds : : : : : : : : : : : : : : : : : : : : : 66

6.3 RASE structure : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 71

6.4 Example schedule cost function : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 72

6.5 Interference graphs for a basic blo ck in Chaitin-style and RASE register allo cators : 74

6.6 Algorithm for the RASE scheduler SCHED : : : : : : : : : : : : : : : : : : : : : : : 76

7.1 Summary of the e�ect of register set size (Postpass) : : : : : : : : : : : : : : : : : : 101

7.2 Summary of the e�ect of register set size (IPS) : : : : : : : : : : : : : : : : : : : : : 102

7.3 Summary of the e�ect of register set size (RASE) : : : : : : : : : : : : : : : : : : : 103

7.4 Summary of the e�ect of register set organization (Postpass) : : : : : : : : : : : : : 104

7.5 Summary of the e�ect of register set organization (IPS) : : : : : : : : : : : : : : : : 105

7.6 Summary of the e�ect of register set organization (RASE) : : : : : : : : : : : : : : 106

7.7 Summary of the e�ect of op eration latency (Postpass) : : : : : : : : : : : : : : : : : 107

7.8 Summary of the e�ect of op eration latency (IPS) : : : : : : : : : : : : : : : : : : : : 108

7.9 Summary of the e�ect of op eration latency (RASE) : : : : : : : : : : : : : : : : : : 109

7.10 Summary of the e�ect of register set size with long load latency (Postpass) : : : : : 110

7.11 Summary of the e�ect of register set size with long load latency (IPS) : : : : : : : : 111

7.12 Summary of the e�ect of register set size with long load latency (RASE) : : : : : : 112

7.13 Summary of the p erformance increase of IPS over Postpass : : : : : : : : : : : : : : 113

7.14 Summary of the p erformance increase of RASE over Postpass : : : : : : : : : : : : 114

List of T ables

2.1 R2000 latencies : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 9

2.2 88000 latencies : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 10

2.3 i860 latencies : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 12

6.1 Comparison of register coloring p olicies : : : : : : : : : : : : : : : : : : : : : : : : : 68

6.2 Sp eedup of IPS and RASE over Postpass for the Livermore group : : : : : : : : : : 78

6.3 Sp eedup of IPS and RASE over Postpass for the Nasker group : : : : : : : : : : : : 80

6.4 Sp eedup of IPS and RASE over Postpass for the Perfect group : : : : : : : : : : : : 81

6.5 Sp eedup of IPS and RASE over Postpass for the Misc group : : : : : : : : : : : : : 81

6.6 Sp eedup of IPS and RASE over Postpass for the Int group : : : : : : : : : : : : : : 81

6.7 Average sp eedup over the four oating p oint program groups of IPS and RASE over

Postpass : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 82

7.1 Longerop and Shorterop op eration latencies : : : : : : : : : : : : : : : : : : : : : : : 86

7.2 Longload and Shortload load latencies : : : : : : : : : : : : : : : : : : : : : : : : : : 86

7.3 E�ect of register set size across three machine organizations (Postpass and IPS) : : 88

7.4 E�ect of register set size across three machine organizations (RASE) : : : : : : : : 89

7.5 E�ect of register set organization across register set sizes : : : : : : : : : : : : : : : 90

7.6 E�ect of op eration latencies across register set sizes : : : : : : : : : : : : : : : : : : 92

7.7 E�ect of register set size across two machine organizations, each with long load

latencies : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 93

7.8 E�ect of co de generation strategy across machine organizations and register set sizes 94

7.9 E�ect of co de generation strategy across machine organizations, with long load la-

tencies, and register set sizes : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 95

7.10 E�ect of register set size across machine organizations and co de generation strategies

for the unoptimized and hand-optimized Nasker group : : : : : : : : : : : : : : : : : 97

7.11 E�ect of lo op optimizations on the Nasker group : : : : : : : : : : : : : : : : : : : : 98

7.12 E�ect of machine organization across register set sizes and co de generation strategies

for the unoptimized and hand-optimized Nasker group : : : : : : : : : : : : : : : : : 99

8.1 Maril machine description statistics : : : : : : : : : : : : : : : : : : : : : : : : : : : 116

8.2 Marion system source co de size. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 117

8.3 Marion compile-time p erformance : : : : : : : : : : : : : : : : : : : : : : : : : : : : 118

8.4 Marion co de generator pro�le : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 118

8.5 Actual execution time and ratio of actual to estimated execution time of Marion-

generated R2000 co de : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 119

F.1 R2000 raw data : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 206

F.2 88000 raw data : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 207

F.3 i860 raw data : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 208

F.4 A88sh Postpass raw data : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 209

F.5 A88sh IPS raw data : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 210

F.6 A88sh RASE raw data : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 211

F.7 Ar2sh Postpass raw data : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 212

F.8 Ar2sh IPS raw data : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 213

F.9 Ar2sh RASE raw data : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 214

F.10 Ar2shb Postpass raw data : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 215

F.11 Ar2shb IPS raw data : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 216

F.12 Ar2shb RASE raw data : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 217

F.13 Ar2sp Postpass raw data for the Livermore and Nasker groups : : : : : : : : : : : : 218

F.14 Ar2sp Postpass raw data for the Perfect, Misc and Int groups : : : : : : : : : : : : 219

F.15 Ar2sp IPS raw data for the Livermore and Nasker groups : : : : : : : : : : : : : : : 220

F.16 Ar2sp IPS raw data for the Perfect, Misc and Int groups : : : : : : : : : : : : : : : 221

F.17 Ar2sp RASE raw data for the Livermore and Nasker groups : : : : : : : : : : : : : 222

F.18 Ar2sp RASE raw data for the Perfect, Misc and Int groups : : : : : : : : : : : : : : 223

F.19 Ar2spf Postpass raw data for the Livermore and Nasker groups : : : : : : : : : : : : 224

F.20 Ar2spf Postpass raw data for the Perfect, Misc and Int groups : : : : : : : : : : : : 225

F.21 Ar2spf IPS raw data for the Livermore and Nasker groups : : : : : : : : : : : : : : 226

F.22 Ar2spf IPS raw data for the Perfect, Misc and Int groups : : : : : : : : : : : : : : : 227

F.23 Ar2spf RASE raw data for the Livermore and Nasker groups : : : : : : : : : : : : : 228

F.24 Ar2spf RASE raw data for the Perfect, Misc and Int groups : : : : : : : : : : : : : 229

F.25 A88shL Postpass raw data : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 230

F.26 A88shL IPS raw data : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 231

F.27 A88shL RASE raw data : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 232

F.28 Ar2spL Postpass raw data for the Livermore and Nasker groups : : : : : : : : : : : 233

F.29 Ar2spL Postpass raw data for the Perfect, Misc and Int groups : : : : : : : : : : : : 234

F.30 Ar2spL IPS raw data for the Livermore and Nasker groups : : : : : : : : : : : : : : 235

F.31 Ar2spL IPS raw data for the Perfect, Misc and Int groups : : : : : : : : : : : : : : 236

F.32 Ar2spL RASE raw data for the Livermore and Nasker groups : : : : : : : : : : : : : 237

F.33 Ar2spL RASE raw data for the Perfect, Misc and Int groups : : : : : : : : : : : : : 238

ACKNOWLEDGEMENTS

My co-advisors, Rob ert Henry and Susan Eggers, have formed a capable, energetic team. Rob ert

has b een my advisor for �ve and a half years. He has prompted me to examine diverse p ersp ectives

and has help ed shap e this research through his insight, exibility and encouragement. Susan has

b een my advisor for only a year; in this short time she has help ed me de�ne sp eci�c goals and

achieve them.

Larry Snyder read this dissertation and provided helpful comments. Hank Levy and W erner

Stuetzle rounded out my committee.

Jean-Loup Baer, the chairp erson of the Department of Computer Science and Engineering, has

provided a exible, op en environment that fosters communication among professors and students,

and participation by computer scientists outside of the department.

My W o o db erry F orest Scho ol mentor, Harrison W. \Chuck" Straley

, saw my budding interest in

mathematics and inspired me to pursue it to the fullest. Under his tutelage I accelerated my study

of mathematics, b egan exploring computer science and gave my �rst public scienti�c presentation.

I would like to acknowledge my Union College professors, Bill Zwicker, for putting up with me

in his adv anced mathematics classes, and T ed Schwartz, for his excellent computer science teaching

and all-round contagious enthusiasm.

A numb er of fellow students deserve acknowledgement. Rakesh Kumar Sinha and W endy Thrash

reviewed parts of this dissertation. David \Pardo" Kepp e ll discussed many ideas with me and was

interested in everything. David \Pablo" Cohn has managed to share b oth the same o�ce and

the same house with me for over three years. Gail Harrison Alverson, Rick Zucker, Dave So cha,

Calvin Lin, Charles Lo op, Bill Griswold, Ra jendra Ra j, Kevin Sulliv an, Radhik a Thekk ath, Chandu

Thekk ath, Rob Bedichek, Elizab eth W alkup, Peter Damron, Bill Mershon, Craig Anderson and

Alex Klaib er all have made the graduate program interesting, exciting and, most of all, fun. Calvin

and Charles made sure I got enough exercise. Craig and Alex fed Black Nose the cat. Bill Mershon

help ed build my deck.

Bob Scheulen, T rapp er Je� Robbins, Roxanne Everett, Scott Wittet, Rob erta Riley and Susan

Schwartz have all b een tremendous friends, willing to listen to my complaints and encouraging me

to participate in non-computer science activities.

Mark Rob erts was a supp ortive friend and sup ervisor at Microsoft over numerous leaves of

absence and levels of part-time work. David Jones initiated my exible work schedule at Microsoft.

Bob Scheulen discussed countless co de generation and optimization issues with me, and gave me

much moral supp ort.

My great aunt, Marion Lov at F raser, was a wonderful, p ositive presence in my life from the

time I was a small child until she passed away a few years ago. After I b egan working with

computers, Aunt Marion would always intro duce me to her friends, \This is my nephew David.

He’s a computer." The co de generator system that is central to this dissertation is named after

Aunt Marion. Now I can say that she is a computer system.

My parents, Adele and Merrill Bradlee, instilled in me a p ositive attitude and a desire to

learn. They have alwa ys provided a stable emotional base and encouraged me to pursue my own

intellectual directions. My brothers, Jay and Rick Sprague, provided a learning environment in

which to grow.

My wife’s parents, Ernie and Marge Gardow, have b een very encouraging and understanding.

Kathryn Gardow, my wife, has b een inv aluable. Kathryn was willing to move across the country

so that I could attend graduate scho ol. She has earned the money to pay the mortgage and to enable

us to travel. She has dragged me into the mountains for much-needed exercise and interruption. She

has created gourmet delights for the palette of this famished graduate student. She has provided

so cial diversion. She has even pro ofread this dissertation. Most of all she has b een strong, loving

and completely supp ortive. Although she would have liked me to �nish faster, she never suggested

that I quit. T o Kathryn I give my endless thanks.

In tro duction

A compiler inputs a high-level language program, transforms it into an intermediate language (IL),

and then p erforms c o de gener ation, which outputs a semantically equiv alent program in a tar get

language, the target machine’s instruction set. Co de generation includes c o de sele ction, the pro cess

of mapping the IL onto the target language. Co de generation may also include glob al r e gister

al lo c ation, which maps user v ariables and compiler-generated temp oraries to machine registers

over an entire pro cedure, and instruction sche duling, which rearranges machine instructions to

avoid pip eline delays, thereby pro ducing co de that more e�ciently uses the target’s pip elines and

functional units.

A r etar getable co de generator is one that can b e changed automatically

, by giving it a description

of a new target machine, so that it generates co de for that new target. Retargetable co de generators

are imp ortant for several reasons. First, pro cessor p erformance continues to improve, inducing

users to upgrade their systems. Second, the volume of software that must b e p orted to a new

architecture is large enough to prohibit the extensive use of assembly language co de to achieve high

p erformance. Therefore, for a new architecture to comp ete, its compiler must generate quality co de.

Third, even within a pro cessor family there can b e signi�cant architectural distinctions; b etween

families the di�erences are magni�ed. T ogether, these factors imply that pro cessor manufacturers

need to b e able to construct high quality co de generators quickly

. A retargetable system can make

this p ossible, if it enables go o d co de to b e pro duced with a minimum of e�ort and, therefore,

frees human resources for other tasks, such as architectural feature ev aluation, target-indep endent

compiler optimizations or other software pro jects.

Retargetable co de generators develop ed in the last decade have fo cused on co de selection for

complex instruction set computer (CISC) architectures, such as the DEC V

AX [Dig81

], the IBM

360 [ABB64] and the Intel 8086 [Int83]. Since CISCs implement the most common op erations many

di�erent ways and hide pip elining details and other feature costs, their companion co de generators

used machine sp eci�cations that facilitated sophisticated pattern matching co de selection. These

co de generators could ignore instruction scheduling and, in some cases, did not p erform global

(pro cedure-wide) register allo cation.

Recent pip elined pro cessors, commonly known as reduced instruction set computers (RISCs),

implement most op erations only one way and exp ose pip eline and functional unit costs to the

compiler. Therefore, the compiler’s emphasis must b e shifted from co de selection to instruction

scheduling. In addition, b ecause computation must b e done in registers and b ecause the ratio of

memory access time to cycle time is high, some form of global register allo cation is necessary to

e�ectively use the larger register sets found on most RISCs.

Because of the shift in functional emphasis, the co de generation issues for RISCs are di�erent than those for CISCs. First, for a retargetable RISC compiler, the machine sp eci�cation must

capture most scheduling information, including op eration latencies and resource con icts. Second,

since RISC co de selection is relatively simple, the interaction b etween co de selection and register

allo cation is less imp ortant. Instead, the interaction b etween register allo cation and instruction

scheduling is signi�cant, b ecause the scheduler needs registers to overlap the execution of indep en-

dent op erations.

The goal of this dissertation is to investigate the following asp ects of RISC co de generation:

(1) Is retargetable RISC co de generation feasible and pro�table?

(2) Can the imp ortant asp ects of co de generation b e sp eci�ed in a practical form?

(3) Can that sp eci�cation b e transformed into an e�ective co de generator and do es it

provide any b ene�t over hand-written co de generation?

(4) In a RISC co de generator, to what degree is communication necessary b etween

register allo cation and instruction scheduling?

My thesis is that the answer to all of these questions is \Y es." My approach to retargetable RISC

co de generation is to blend the exp erience of retargetable CISC co de generators with techniques

from instruction scheduling and register allo cation to create the Marion retargetable co de genera-

tion system. T o demonstrate feasibilit y , I have constructed co de generators for three commercially

av ailable RISC architectures and over thirty-�ve v ariations of these architectures. T o examine

the interaction b etween register allo cation and instruction scheduling, I have compared three co de

generation strategies, each of which represents a di�erent degree of communication b etween the

two phases. I have also used Marion to investigate the e�ect of architectural v ariations on p erfor-

mance. The facility of building new co de generators, which enabled the strategy comparisons and

architectural exp eriments, exhibits the pro�tability of a retargetable system.

1.1 Retargetable Instruction Sc heduling

There are several approaches to including scheduling information in a retargetable co de generator.

A simple metho d is to use an existing retargetable co de generator to p erform co de selection and

then add a table to drive instruction scheduling by asso ciating op eration latency and resource use

information with each instruction. After co de selection, the table is used to build a directed acyclic

graph (DAG), from which instructions are scheduled. Retargeting involves replacing the table, in

addition to providing a new co de selector sp eci�cation to the retargetable co de generator. The

adv antage of this approach is that changing the table is straight-forward. F or a simple RISC this is

su�cient. The disadv antage is that information is kept in multiple formats. T o retarget the co de

generator, b oth the co de selector sp eci�cation and scheduling information must b e mo di�ed. In

addition, many RISCs have some complicated features, such as latencies that are dep endent on the

consumer and pro ducer instructions together, non-orthogonal bypasses, or the need to access parts

of registers. These features complicate the basic scheme, requiring additional tables or pro cedures

that must b e mo di�ed when retargeting.

At the other end of the sp ectrum is a low-level mo del of the target machine that includes all

stages, latches, buses, bypasses and multiplexers. This mo del could capture all useful scheduling information, but the co de generator would have to include all of that detail, complicating imple-

mentation and maintenance. In addition, since the machine sp eci�cation is detailed, it would b e

di�cult to write, except by the architects themselves.

The Marion retargetable co de generator system lies in b etween these two extremes. With

Marion, the compiler writer constructs a machine description that lists each instruction along with

the op eration it p erforms and its scheduling requirements. The description language is easy to use,

yet provides enough constructs to supp ort a broad range of RISCs. It can mo del many complicated

machine features, including pip elines that do not adv ance on every cycle or those that can b e fed

directly from other pip elines. F rom this description Marion builds a co de generator that includes

co de selection, instruction scheduling and global register allo cation.

Marion was designed sp eci�cally for unipro cessor RISCs that contain multiple functional units

and multi-cycle op erations. It has b een used successfully to pro duce co de generators for the Mo-

torola 88000 [Mot88], the MIPS R2000 [Kan87] and the Intel i860 [Int89]. The 88000 and the

R2000 are \traditional" RISC machines that are more similar than di�erent; in contrast, the i860

can issue two instructions p er cycle and has explicitly adv anced oating p oint pip elines, making

it an extremely challenging target. Marion is the �rst retargetable co de generator system that

includes a quality instruction scheduler and can handle machines in the i860’s class.

1.2 Co de Generation Strategies

RISC pro cessors rely on compilers to p erform register allo cation to reduce memory references and

instruction scheduling to avoid pip eline hazards. A compiler that e�ectively manages register use

by these two phases gives computer architects greater exibility in making architectural design

decisions, and enables users to realize a RISC’s high p erformance p otential.

Many compilers for unipro cessor RISC systems p erform global register allo cation and instruction

scheduling separately

, with each phase ignorant of the requirements of the other. Instruction

scheduling uses registers to exploit instruction-level parallelism;

1

register allo cation uses registers

to reduce memory references. Because the goals of the two phases often con ict, whichever phase

is �rst imp oses constraints on the other, sometimes pro ducing ine�cient co de. F or example, if

register allo cation is p erformed �rst, it may limit the instruction scheduler’s rearrangement choices

by assigning the same physical register to indep ende nt expression temp oraries, which prevents the

expressions from b eing overlapp ed. When scheduling precedes register allo cation, the numb er of

simultaneously live v alues, or r e gister pr essur e, may b e increased, causing many of these v alues to

b e spilled to memory .

T o determine the extent of communication needed b etween the two phases, I compare the p er-

formance of three co de generation strategies. The c o de gener ation str ate gy refers to the invo cation

order of and degree of communication b etween register allo cation and instruction scheduling. The

strategies include the following:

(1) a simple strategy called Postpass, in which global register allo cation is p erformed

prior to instruction scheduling, with no communication b etween the phases;

1

Instruction-level p ar al lelism at a p oint in the program refers to the numb er of instructions that could

legally b e executing concurrently

. On unipro cessors, r e alize d instruction-level parallelism is the numb er of

op erations executing concurrently in the v arious pip eline stages and functional units.

(2) a strategy with an intermediate degree of communication, called IPS, in which the

scheduler is invoked b efore register allo cation and must schedule within a lo cal register

limit; and

(3) a tightly integrated strategy that I develop ed, called RASE, in which the instruction

scheduler communicates with the register allo cator by giving the allo cator cost estimates

that quantify the e�ect of its allo cation choices on the subsequently generated schedule.

The results show that some level of communication is necessary to generate co de that e�ciently

uses the registers. The intermediate strategy is su�cient for most programs on most architec-

tures. Nevertheless, on architectures with a small numb er of registers or long latencies, the tightly

integrated strategy is sup erior for larger programs.

1.3 Arc hitecture In v estigations

One of the b ene�ts of a retargetable compiler system, when used with pro�ling and analysis to ols,

is that it can allo w designers to exp eriment with architectural v ariations in an e�ort to pro duce a

sup erior compiler/architecture partnership.

I have used Marion to examine the e�ect on RISC p erformance of co de generation strategy ,

register set size and organization, and op eration and load latencies. The exp eriments v ary the

numb er of registers from 16 to 128, in b oth split and shared register organizations and examine

two sets of oating p oint op eration latencies and two sets of load latencies, all in the context of the

three di�erent co de generation strategies. The results show that the sophisticated co de generation

strategies pro duce sup erior schedules over all architectural v ariations and can signi�cantly reduce

the numb er of registers needed to achieve go o d p erformance.

1.4 Dissertation Organization

The �rst part of this dissertation discusses retargetable instruction scheduling issues and describ es

the Marion system. Chapter 2 outlines the salient RISC architectural features that a�ect co de

generation. These include register set size and structure, op eration latencies, pip eline structures

and individual machine idiosyncrasies. Chapter 3 describ es the ma jor comp onents of the Marion

system: the co de generator generator, the front end and intermediate language, the co de selector

and the register allo cator. This chapter also outlines Marion’s machine description language, along

with previous retargetable compiler research. Chapter 4 describ es the data structures and metho ds

employed by the Marion instruction schedulers. It intro duces temp or al sche duling, which schedules

for explicitly adv anced pip elines (pip elines that do not adv ance on every clo ck cycle), and presents

the temp oral scheduling algorithms and pro ofs of correctness. Previous instruction scheduling

research is also discussed here.

The second part of this dissertation discusses the exp eriments that have b een p erformed with

Marion. Chapter 5 gives the metho dology used by the exp eriments, including the workload and

measurement criteria. Chapter 6 compares the three co de generation strategies. It outlines

the problem with compilers that lack communication b etween register allo cation and instruction

scheduling, describ es each of the strategies, and presents the results of the comparison. Chapter 7 assesses the e�ect on p erformance of register set size and structure versus co de generation strategy .

Other architectural asp ects, including op eration and load latencies, are examined as well.

The third part of this dissertation includes Chapter 8, which ev aluates Marion. It presents data

on the size and sp eed of the system, and size and comp osition of the machine descriptions. It also

examines how Marion handles v arious RISC features. Chapter 9 concludes with a discussion of

future directions.

6

Chapter 2

Pip elined Arc hitectures

The fo cus of this research is on computer architectures commonly known as RISCs [PS82], in

which pip elines and functional units are exp osed to the compiler. This chapter outlines typical

RISC features, particularly those that a�ect co de generation, and discusses notable features of

sp eci�c architectures, including the MIPS R2000, Motorola 88000 and Intel i860.

Several prop erties are typical among RISC architectures [HP90]:

(1) Integer and addressing op erations use general purp ose registers; oating p oint op er-

ations use either the same register set or a separate general purp ose register set. General

purp ose registers are interchangeable; no instruction requires a sp eci�c one.

(2) ALU and oating p oint instruction op erands are registers; only load and store

instructions access memory .

(3) Each instruction’s resource requirements, including pip eline stages and functional

units, are known at compile-time.

The �rst two prop erties taken together allow register allo cation to b e separated from co de selection

without any negative impact on the generated co de; this is b ecause the instruction sequence to

compute an expression is indep endent of which registers are used as op erands and indep endent

of whether intermediate results are placed in memory

. The third prop erty allows the compiler to

p erform instruction scheduling to avoid pip eline hazards; pip eline hazards waste machine cycles,

decreasing p erformance.

There are three typ es of pip eline hazards:

(1) a data hazar d o ccurs when an instruction’s input op erand is not yet av ailable, b ecause

either the load of the op erand or the computation of the op erand has not completed;

(2) a structur al hazar d o ccurs when two instructions need the same resource on the same

cycle;

(3) a c ontr ol hazar d is caused by a branch instruction, if the branch target address is

not known when the CPU is ready to fetch the target instruction.

A data hazard example is a oating p oint add follow ed by a store of the result. If the add latency

is 3 cycles, then the pro cessor will stall for 2 cycles, while the add completes, b efore executing the

store. A structural hazard can o ccur on a shared register �le architecture, for example, if a oating

p oint op eration and an integer op eration b oth require the write-back bus on the same cycle. Most

RISC architectures attempt to avoid control hazards via delayed branches. A delaye d br anch is a

branch instruction that has one or more delay slots following the branch. Instructions in delay slots are issued after the branch but b efore the branch target. The compiler must �ll these slots with

no-ops, if no useful instructions can b e scheduled there.

The co de generator’s view of the target machine comprises the instruction set, the register �le

and, for RISCs, the pip elines and functional units. The following are some relev ant attributes that

must b e considered by a retargetable RISC co de generator system and the e�ects they have on

co de generator design:

(1) a register �le split into integer and oating p oint partitions versus a shared register

�le. The register allo cator must handle multiple register sets and register pairs.

(2) pip elined versus non-pip elined oating p oint execution units. The instruction sched-

uler must keep track of resource use to avoid structural hazards.

(3) the numb er of instructions issued p er cycle. The scheduler must consider this to

determine where data and structural hazards could o ccur.

The next three sections discuss the architectures that are mo dels for those used in the studies in

this dissertation. All p erform 32-bit integer op erations and 32- and 64-bit oating p oint op erations.

2.1 MIPS R2000

The MIPS R2000 architecture [Kan87] has a split register �le that consists of 32 integer registers and

sixteen 64-bit oating p oint registers. The integer register r 0 is hardwired to 0. Integer multiply

and divide place their results in the sp ecial registers called HI and LO; instructions are provided

to move from HI and LO to the integer registers.

The R2000 CPU contains a 5-stage instruction pip eline; one instruction is issued p er cycle. All

integer op erations, except multiply and divide, use the ALU stage for one cycle. A non-pip elined

functional unit p erforms integer multiply and divide. All integer ALU instructions have either two

register op erands and one immediate op erand or three register op erands. Multiply and divide each

take two input register op erands and send the result to the HI and LO registers.

Floating p oint instructions are recognized and handled by the oating p oint copro cessor. All

oating p oint op erations use the oating p oint ALU for two or more cycles. Multiply and divide

each use separate non-pip elined units for additional cycles.

The CPU p erforms all load and store instructions. The only addressing mo de is register +

displacement. The load is followed by one delay slot, which must b e �lled by the compiler. Double

precision oating p oint v alues require two instructions to load or store. Instructions to move

b etween the CPU and FPU register sets are also provided.

The R2000 has no condition co des. The b e q and bne compare and branch instructions take two

register op erands; other compare and branch instructions compare a register against zero. Thus,

(a < b) requires two instructions: a subtract followed by a compare and branch if less than zero.

The oating p oint compare instructions take two register op erands. The b o olean result is sent to

the CPU; after a 2-cycle latency

, a conditional branch may test the result. All branches and jumps

have one delay slot that must b e �lled by the compiler; the instruction in the delay slot is always

executed. The R2000 also has conditional call instructions and set-on-condition instructions. The

set-on-condition compares two v alues and sets the result register to 1, if the condition is true, or 0,

if false.

T able 2.1: R2000 latencies. Op erations not shown have a latency of 1. Both integer multiply

and divide require an additional instruction to move the result back to the integer registers.

Instruction Latency (cycles)

load (int) 2

load ( oat) 2

compare ( oat) 2

mul (int) 11

div (int) 36

add ( oat) 2

mul ( oat) 4

mul (double) 5

div ( oat) 12

div (double) 19

The FPU supp orts single and double precision oating p oint op erations, including multiply and

divide. Conversions b etween integer and oats are also handled by the FPU. Latencies are shown

in T able 2.1.

2.2 Motorola 88000

The Motorola 88000 architecture [Mot88

] has 32 general purp ose registers that are used for b oth

integer and oating p oint v alues. Double precision oats use register pairs. Register r 0 is hard-

wired to 0.

The CPU has a 4-stage instruction pip eline. All integer op erations, except multiply and divide,

use the ALU stage for one cycle. All ALU op erations take three op erands. Integer multiply and

divide use the FPU. A 3-stage data unit pip eline p erforms address calculations and accesses the

memory hierarchy .

The FPU is split into two pip elines: a 4-stage multiply pip eline, which p erforms oating p oint

and integer multiply

, and a 3-stage add pip eline, which handles integer divide and all other oating

p oint op erations. The two pip elines share additional initial and �nal stages. Divide iterates within

the �rst add pip estage; all other op erations are completely pip elined. All oating p oint instructions,

except unary op erations, take three register op erands.

Three op erations can contend for the �nal FPU stage: a multiply

, an add and an integer multiply

that exits the multiply pip eline early

. A priority scheme gives integer multiply the highest priorit y

and then oating p oint multiply the next highest priority

. Additionally

, contention for the register

write-back bus can o ccur b etween the FPU, the integer ALU and the data unit. The ALU is given

the highest priority and data unit the lowest.

The 88000 has three addressing mo des, register + displacement, register + register and scaled

index register (register + register * scale ). The 16-bit displacement is zero-extended. F or scaled

index register mo de the scale is the size of the ob ject referenced (either 1, 2, 4 or 8 bytes).

Bit �eld instructions set, clear, extract and rotate bit �elds within a register. Shift instructions

are default cases of these op erations.

T able 2.2: 88000 latencies. Op erations not shown have a latency of 1.

Instruction Latency (cycles)

load (int) 3

load ( oat) 3

load ( oat) 4

compare ( oat) 5

add ( oat) 5

mul (int) 4

mul ( oat) 6

mul (double) 9

div (int) 38

div ( oat) 30

div (double) 60

T o conditionally branch, the compare instruction sets condition bits in the destination general

purp ose register. Then a branch-on-condition instruction tests the condition bits and branches if

appropriate. Branches have b oth delayed and non-delayed forms. Delayed branches have one delay

slot; the instruction in the slot is always executed.

T able 2.2 gives the 88000 op eration and load latencies. In some cases, the latency dep end s on

the instruction that consumes a v alue. F or example, if the result of a double precision oating

p oint add is stored to memory

, then the add latency is 6 instead of 5.

2.3 In tel i860

The Intel i860 [Int89] has 32 integer registers and thirty-two 32-bit oating p oint registers. The

oating p oint registers can b e accessed in 64-bit even/o dd pairs for double precision. The integer

register r 0 and the oating p oint registers f 0 and f 1 are hard-wired to 0.

The i860 has a 4-stage instruction pip eline. The integer ALU p erforms all integer op erations in

one cycle, except multiply and divide. All ALU op erations take three op erands. The FPU p erforms

all oating p oint op erations and integer multiply

. There is no divide instruction; a recipro cal and

a sequence of subtracts and multiplies p erforms the op eration. An FPU instruction can b e issued

together with an ALU or memory instruction on each cycle.

The CPU unit p erforms loads and stores for b oth integer and oating p oint registers. Addressing

mo des include register + displacement and register + register. However, an integer store may use

only the former. In addition, oating p oint loads and stores may use auto-increment versions of

b oth mo des. The i860 also supp orts a pip elined oating p oint load that bypasses the cache and

uses a load pip eline; the load pip eline is not used by other load or store instructions.

Most conditional branches use the condition co de bit, which is set by integer ALU op erations

and by oating p oint compare op erations. Conditional branches come in two forms: without a

delay slot and with a delay slot that is executed only if the branch is taken. An instruction that

immediately follo ws a branch without a delay slot is executed only if the branch is not taken. If the

branch is taken, the pip eline stalls until the branch target instruction is fetched. The unconditional branch has a delay slot that is always executed. Other conditional branches p erform compare and

branch on equal or not equal; these have no delay slots. Finally

, the bla instruction decrements

an integer register (a lo op counter) and sets the lo op condition co de bit LCC to 0 when the lo op

counter reaches 0. The bla instruction branches if the previous v alue of LCC is 1. The delay slot

instruction is always executed.

The FPU contains a 3-stage oating p oint adder, a 3-stage oating p oint multiplier, a oating

p oint load pip eline and a graphics unit pip eline. The load pip eline is used only by the pip elined

loads that bypass the cache (mentioned ab ove). The graphics pip eline supp orts v arious graphics

instructions, but is not considered in this research.

FPU instructions come in two v arieties: sc alar and pip eline d. Scalar instructions require exclu-

sive use of the entire FPU, except for the register write-back hardware. Each pip elined instruction

explicitly adv ances a particular pip eline (or pip elines), leaving other pip elines unchanged. All four

pip elines are explicitly adv anced.

Some scalar instructions have no pip elined equiv alent. These include recipro cal, recipro cal

square ro ot and the fmlow instruction, which is used to p erform integer multiply .

A pip elined instruction takes three register op erands: two sources and one result. When the

instruction is executed, the source registers are fed into the appropriate pip eline. The result register

gets whatever is coming out of the pip eline on the cycle that the instruction is issued; this is the

result of a previous op eration, not the result of the op eration that is launched by the instruction.

F or example, the following sequence p erforms f 7 f 5 + f 6:

pfadd f 5; f 6; f 0 ; stage1 f 5 � f 6

pfadd f 0; f 0; f 0 ; stage2 stage1

pfadd f 0; f 0; f 0 ; stage3 stage2

pfadd f 0; f 0; f 7 ; f 7 stage3

The �rst pfadd launches the add, the second and third adv ance the pip eline and the fourth catches

the result.

Most pip elined instructions adv ance only one pip eline. However, the i860 has a set of in-

structions that adv ance the multiply and add pip elines together. These instructions take only

three register op erands. Therefore, two additional source op erands and one additional destination

op erand are needed. These are provided by sp ecial registers KI, KR and T or by chaining, feeding

the output of the adder directly to the multiplier or vice versa. Some instructions set one or more

of the sp ecial registers; others leave them alone. The T register is fed only by the multiplier and

feeds the adder; KI and KR are loaded from general purp ose registers and feed the multiplier.

T able 2.3 shows the i860 op eration and load latencies. Like the 88000, there are cases where

the latency dep end s on the interaction b etween two instructions, particularly oating p oint stores

and oating p oint op eration write-backs.

T able 2.3: i860 latencies. Op erations not shown have a latency of 1.

Instruction Latency (cycles)

load (int) 2

load ( oat) 3

load (double) 3

compare ( oat) 2

add ( oat) 3

add (double) 3

mul (int) 3

mul ( oat) 3

mul (double) 4

Chapter 3

Marion Co de Generation Construction

System

The Marion Co de Generator Construction System is a retargetable co de generator system designed

sp eci�cally for unipro cessor RISCs that contain multiple functional units and multi-cycle op era-

tions. Each co de generator is constructed from a natural machine description and p erforms co de

selection, instruction scheduling and global register allo cation. The description language is easy to

use, yet provides enough constructs to supp ort a broad range of RISCs.

Marion comprises three ma jor comp onents (see Figure 3.1): the co de generator generator, the

compiler front end and the compiler back end. The input to the co de generator generator is a

machine description that describ es the target’s registers, functional units, pip eline stages and in-

structions, including scheduling prop erties; the output is a set of automatically generated tables and

routines. The Lcc front end [FH90] consumes ANSI C and generates an intermediate language (IL)

of directed acyclic graphs (DAGs) built from typ ed low-level op erators. The back end transforms

the IL, according to transformations sp eci�ed in the machine description, p erforms co de selection

by pattern matching and then gives control to the co de generation strategy .

The co de generation strategy directs the invo cation of and degree of communication b etween in-

struction scheduling and global (pro cedure-wide) register allo cation. It also includes the scheduling

algorithm. The register allo cator and scheduling supp ort (which handles the low-level scheduling

details) are indep ende nt of b oth the co de generation strategy and the target machine. In addi-

tion, the strategy mo dule accesses target-dep endent data only through the target- and strategy-

indep endent routines. The separation of the strategy mo dule from the rest of the co de generator

allows a strategy to b e replaced quickly

, without changing the other comp onents or the interface

b etween the target-dep endent and target-indep endent p ortions of the co de generator.

Marion makes several assumptions ab out the target architecture. First, the architecture must

have general purp ose register sets for integer, addressing and oating p oint op erations. Second, the

scheduling requirements for each instruction, including which functional units and pip eline stages

are used on each cycle, must b e known at compile time. Third, only load and store op erations may

access memory

. RISCs generally comply with these assumptions. Machines with hidden pip elines,

such as the V

AX, could b e mo deled using Marion by supplying null scheduling information and

using a null scheduler.

This chapter �rst examines related work in mo deling instruction scheduling and retargetable

co de generators. It then describ es the Marion’s machine description language, Maril, and system

comp onents, including the front end, the IL, the co de generator generator, the co de selector and

the register allo cator. Chapter 4 describ es Marion’s instruction scheduling and some additional

scheduling-related Maril constructs.

?

?

? ?

-

Machine Description

IL

T ables

Machine Co de

C Program

Back end

Lcc front end

Co de generator generator

Figure 3.1: Marion structure. The co de generator generator is invoked once p er target. The

tables it pro duces are linked in with the compiler.

3.1 Related W ork

I implemented yet another retargetable co de generator, b ecause no existing system has a machine

description language that incorp orates scheduling constraints or builds an instruction scheduler

from the description.

The ISP (instruction set pro cessor) description language [BN71] was not appropriate for Marion,

b ecause it contains more detail than necessary in some areas, but not enough in others. F or example,

the co de generator do es not need a detailed program status word format description, but it do es

need to know the scheduling prop erties of each instruction.

T ree and string grammars have b een used by retargetable compilers for complex instruction

set computers (CISCs) to describ e target machines. V arious systems pro duce sophisticated co de

selectors for CISCs, but none incorp orate global register allo cation or instruction scheduling. F our

system families are outlined b elow.

Glanville and Graham [GG78

, GHS82] built one of the �rst retargetable co de generator systems.

Their system takes a machine description grammar as input and pro duces a co de generator that

employs LR parsing techniques to p erform pattern matching on the IL. Grammar pro ductions

comprise patterns, which contain terminal and non-terminal symb ols, and replacements, which are

single non-terminals. Actions asso ciated with pro ductions cause machine co de to b e generated.

Henry’s CODEGEN [AGH

+

84, Hen87, HD89a, HD89b] is a successor of the Graham-Glanville

system. It takes PPRACs (pattern, predicate, replacement, action, cost) as input and pro duces a tree pattern matcher. PPRACs are similar to the pro ductions in the Graham-Glanville system,

but have predicates and costs to direct the matching. The matcher can employ a numb er of

techniques, including LR parsing, recursive descent parsing, top-down matching and b ottom-up

matching. The techniques di�er in generated co de e�ciency

, compiler construction time, compiler

sp eed and co de/table size. The compiler writer can cho ose the technique appropriate for his system.

CODEGEN also includes a compiler writer directed tree transformer that aids in mapping the IL

to the target machine. CODEGEN’s primary adv antage is that virtually all asp ects of the target

machine can b e captured in a single framework: the grammar syntax. The disadv antage is that

it is di�cult to capture some side e�ects, such as auto-increment addressing. In addition, the

tables that drive matching and reduction can b e large; however, F raser and Henry have successfully

minimized this problem [FH91].

The second family

, by Ganapathi and Fischer, used an attribute grammar to pro duce a co de

generator [GF82

, GF85]. Attributes and predicates asso ciated with grammar pro ductions help de-

scrib e architectural restrictions. This approach puts less emphasis on the syntax than the Graham-

Glanville systems. The adv antage is that the parse table size is smaller and side e�ects can b e more

easily captured. The disadv antage is that the compiler writer must use two mo dels: the grammar

syntax and the attribute rules. A descendant of this system [AGT89] uses a dynamic programming

tree rewriting algorithm to generate co de.

The third family

, Davidson and F raser’s PO (and successors) [DF80

, DF84a

, DF84b, FW86],

takes a di�erent approach to CISC co de generation. Naive machine co de is generated and then

optimized, using a p eephole optimizer pro duced from a machine description. PO’s machine descrip-

tions are simpler than the descriptions for the Graham-Glanville family

, allowing easier retargeting,

but no there is exibility in cho osing b etween compiler sp eed and co de/table size. R. R. Kessler’s

Peep [Kes84] and P

. B. Kessler’s system [Kes86] are similar.

Davidson has extended PO to p erform instruction reorganization, including targeting and ev al-

uation order determination, to reduce register use [Dav86

]. The system is primarily for CISCs,

but for one RISC target the reorganization also considered pip eline delays. However, the func-

tion to check for delays is hand-written; no scheduling information is derived from the machine

sp eci�cation.

The fourth retargetable co de generation system for CISCs is the Pro duction-Quality Compiler-

Compiler pro ject [CNL79, Cat80, LCH

+

80, Lev81], which is a descendant of the Bliss-11 compiler

[WJW

+

75]. This pro ject attempted to include a high degree of detail ab out the target machine, so

that tradeo�s in optimization, co de selection and register allo cation could b e examined. Because

it tried to incorp orate to o much target machine detail, the system was di�cult to use.

Some previous systems have incorp orated instruction scheduling information in some form.

First, the B] system of Bird [Bir87] merges instruction selection and scheduling into an L-attributed

Graham-Glanville style co de generator. Bird’s mo del takes only trees and do es not take DAGs. It

also requires that the trees have width less than the numb er of registers, b ecause it cannot handle

spills, and assumes that all instructions use the pip eline identically

. Second, W all and Powell’s

Mahler [WP87] uses scheduling information but do es not have an explicit machine description

language. Mahler uses an assembly language for a simple virtual machine without a pip eline

and with an in�nite numb er of registers. The scheduling details are contained within the Mahler

translator; therefore, a change in the target architecture requires changing the translator by hand.

Landskov, Davidson et al. [LDSM80, DLSM81] describ e a machine mo del to supp ort micro co de compaction. In their mo del, each micro-op eration is describ ed by a 6-tuple indicating the name,

inputs, output, resources needs, clo ck phase and instruction �elds for the op eration. The inputs

and output can b e registers, buses or latches. Resource needs are functional units or pip estages.

The clo ck phase supp orts micro-op erations that use only a p ortion of the machine’s cycle. The

mo del is exible enough to handle a numb er of compaction problems, but it contains more detail

than is needed for RISCS; for example, the clo ck phase and instruction �elds are not necessary

. In

addition, the 6-tuple lacks the instruction’s op eration, which is needed for co de selection.

The GNU C compiler [Sta89] is a successful retargetable compiler that uses interpreted ma-

chine descriptions resembling Davidson and F raser’s PO. Although GNU C has b een targeted to

many RISCs, the machine description contains no scheduling information. Tiemann has written a

scheduler for GNU C [Tie89]. T arget-dep endent latency and resource information is encapsulated.

(He do es not indicate what the encapsulated form is.)

3.2 F ron t End and In termediate Langua ge

Marion uses Lcc, a robust, easily p ortable, ANSI-C front end written by F raser and Hanson [FH90].

It p erforms lo cal optimizations, including common sub expression elimination and constant folding,

but no global or lo op optimizations.

The IL consists of basic blo cks made up of DAGs of low-level typ ed op erators. A thread

runs through some DAG no des, mostly statement-level op erators, such as assign and br anch; this

maintains a legal ordering. The front end transforms all high-level control ow op erators, such as

for, while and if, into low-level compare and branch op erations. All C Language op erators with side

e�ects, such as the assignment op erators, the pre- and p ost-increment and pre- and p ost-decrement

op erators and the conditional op erator, are transformed into explicit arithmetic, logical, assignment

and branch op erations. All typ e conversions are explicit.

Marion applies two sets of transformations to the IL and then feeds it to the co de selector.

The co de selector uses a top-down pattern matching algorithm, which matches sub ject tree no des

against pattern tree no des. Subje ct trees are subtrees of the IL DAG that is the input to the co de

selector. Pattern trees comprise IL op erators and are derived from the machine description.

The �rst set of IL transformations p erforms data allo cation, using some machine dep end ent

information. F or each user ob ject, the data allo cator allo cates one of the following:

(1) a pseudo-register, if the ob ject is a simple automatic v ariable that may reside in a

register;

(2) a stack o�set from the frame or stack p ointer, if the ob ject is automatic, but cannot

reside in a register;

(3) an o�set from the global data p ointer, if the machine mo del supp orts one and the

ob ject is static; or

(4) a relo catable address.

The second set of transformations puts the IL into a canonical form:

(1) address op erators are expanded, (e.g., into frame p ointer + o�set), or changed to

pseudo-register references;

(2) no des are inserted to move function arguments and return v alues into registers or

stack lo cations; and

(3) the function prologue and epilogue, including trees to save and restore preserved

registers, are made explicit.

Marion employs a simple memory reference disambiguation algorithm that supp orts lo cal com-

mon sub expression elimination and p ermits the instruction scheduler to reorder memory references.

Given two address expressions, the algorithm eliminates addends that app ear in b oth; if the re-

maining addends are demonstrably di�erent, such as di�erent constants, then the references are

distinct. This scheme handles array references whose index expressions contain the same set of

v ariables. Ellis et al. [FERN84, Ell85] develop ed a more sophisticated algorithm that derives and

compares symb olic expressions for the array addresses, covering a larger numb er of cases.

3.3 Marion Mac hine Description Langua ge

Marion’s machine description language, Maril, incorp orates ideas from ISP

, CODEGEN, the PO

deriv atives and the micro co de work. Maril requires pro cessor attributes to b e declared explicitly ,

in a manner similar to ISP’s. Like PO, each instruction in a machine description is listed along

with the op eration it p erforms, expressed in terms of IL op erators; pattern trees derived from these

expressions are used to match the sub ject IL. Like CODEGEN, Maril includes tree transforma-

tions, which Marion applies to the IL prior to co de selection, to facilitate the IL-to-target-machine

mapping. Maril also b orrows from the micro co de compaction mo del in its sp eci�cation of resource

requirements and restrictions on instruction packing.

1

Marion’s contribution is the incorp oration

of instruction scheduling information into a machine description language that is used for all phases

of co de generation.

A Maril machine description comprises three sections: Declare sp eci�es features of the archi-

tecture, such as the registers, pip eline stages and functional units; CWVM (Compiler W riter’s

Virtual Machine) describ es a simple runtime mo del, primarily for parameter binding; Instr lists

each machine instruction, along with its function and scheduling requirements, and includes tree

transformations.

Most asp ects of Maril are straight-forw ard. The information in Declare and CWVM and the

instruction directives all follow directly from an architectural description, such as a programmer’s

reference manual. Most scheduling prop erties can b e expressed simply

, as op eration latencies and

pip eline resource requirements asso ciated with instructions. Maril’s innov ation is in the handling of

architectural details: the sp ecial latency sp eci�cations, the escap e functions, the instruction packing

restrictions and the supp ort for explicitly adv anced pip elines. The signi�cance of Maril is that a

user can quickly write a basic machine description that generates correct co de for all IL constructs

and then concentrate on tuning the description with Maril’s sp ecial constructs to pro duce more

e�cient co de.

T o illustrate Maril, a toy pro cessor (TOYP) is used. TOYP supp orts �ve op erations: load,

store, add, compare and branch. It has eight 32-bit general purp ose registers that can b e used

in 64-bit pairs to supp ort double precision oating p oint. TOYP contains a 5-stage instruction

1

Instruction word p acking refers to the pro cess of �tting individual op erations into an instruction word.

declare f

%reg r[0:7] (int ); =* inte ger r e gs *=

%reg d[0:3] (double ); =* double o at r e gs *=

%equiv r[0] d[0]; =* d r e gs overlay r r e gs *=

%resource IF; ID; IE; IA; IW; =* fetch; de c o de; exe cute; ac c ess mem; writeb ack *=

%resource F1; F2; F3; F4; F5; =* o ating p oint add pip e *=

%def const16 [�32768:32767]; =* signe d imme diate *=

%def uconst16 [0:65535]; =* unsigne d imme diate *=

%def nconst16 [�65535:�1]; =* ne gative imme diate *=

%lab el rlab [�32768:32767] +relative ; =* br anch o�set *= 10

%memory m[0:2147483647]; =* memory b ank *=

g

Figure 3.2: TOYP declarations. The r registers hold integer v alues; the d registers hold double

oat v alues. Resources include the instruction pip eline and oating p oint add pip eline stages. The

range c onst16 is used by load, store and add instructions.

pip eline and a 5-stage oating p oint add pip eline. The source language is assumed to b e similarly

limited.

3.3.1 Declarations

The Declare section (Figure 3.2) describ es the target machine’s registers, memory

, and resources,

such as pip eline stages, functional units and buses; it also gives de�nitions for instructions’ imme-

diate op erands. Items that are referenced in subsequent sections must b e declared here.

Each %reg declaration describ es an array of registers along with the datatyp es that can reside

in them. Maril supp orts the signed C Language native typ es. The size of each register is inferred

from the size of the largest typ e it may hold. The %equiv directive indicates that two register sets

are overlaid. F or example, TOYP’s d registers overlay the r registers; one d register overla ys two r

registers.

A %resource declaration names a pro cessor resource. A r esour c e is a pip eline stage, data bus

or functional unit. A resource name has no implicit meaning or prop erties asso ciated with it.

A %def declaration sp eci�es an integer constant range for use as an instruction’s immediate

op erand. A %lab el declaration is similar to a %def, but is used for branch o�sets. Optional ags

may app ear on b oth of these declarations. The +relativ e ag indicates that the lab el is a relative

branch o�set. The +relo catable ag p ermits a %def pattern no de to match a sub ject no de that

represents a relo catable address. The +halfrelo c ag p ermits a %def to match a sub ject no de

that represents half of a relo catable address.

Memory banks may b e declared using the %memory directive. An instruction indicates it

references memory by using the memory ob ject as an array indexed by the e�ective address.

3.3.2 Run time Mo del

The CWVM section (Figure 3.3) sp eci�es the runtime mo del to which the generated co de must

conform. Directives sp ecify which register sets are for general purp ose use (%general), which

registers are av ailable for allo cation by the global register allo cator (%allo cable), and which are cwvm f

%general (int ) r; =* r gpr for int *=

%general (double ) d; =* d gpr for double *=

%allo cable r[1:5]; =* r[1] thr ough r[5] available to r e gister al lo c ator *=

%calleesave r[4:7]; =* r[4] thr ough r[7] save d by c al le e *=

%sp r[7] +down ; =* stack p ointer *=

%fp r[6] +down ; =* fr ame p ointer *=

%retaddr r[1]; =* r eturn addr ess *=

%hard r[0] 0; =* r[0] always 0 *=

%arg (int ) r[2] 1; =* 1st int ar g in r[2]*=

%arg (int ) r[3] 2; =* 2nd int ar g in r[3] *=

%arg (double ) d[1] 1; =* 1st double ar g in d[1] *=

%result r[2] (int ); =* int r esult in r[2] *=

%result d[1] (double ); =* double r esult in d[1] *=

g

Figure 3.3: TOYP Compiler W riter’s Virtual Machine. The r and d register sets are general

purp ose. Either two integer parameters or one double oat parameter may b e passed in registers;

the result is returned in r[2], if integer, or d[1], if double. Registers r[1] through r[5] may b e

allo cated by the global register allo cator; r[4] through r[7] are preserved across a call.

preserved across function calls (%calleesav e). Registers not sp eci�ed as %calleesav e are assumed

to b e saved by the caller. Directives also sp ecify which registers are used for the return address

(%retaddr), the stack p ointer (%sp) and the frame p ointer (%fp). With %sp the user sp eci�es

+down or +up to indicate the direction of stack growth. With %fp, +down indicates that

frame o�sets may b e p ositive and negative; +up indicates that they may b e only p ositive. %hard

sp eci�es that a register is hard-wired to a particular v alue.

Marion requires the user to sp ecify two registers to b e the stack and frame p ointers. Optionally ,

a third register may b e declared as a global data p ointer (%gp) to p oint to static data. This

directive includes the maximum data area size. Marion allo cates a mo dule’s static ob jects in the

area until it is �lled, after which ob jects receive 32-bit relo catable addresses.

The %arg and %result directives sp ecify parameter passing conventions. Each directive gives

a typ e and a register; %arg also gives a parameter numb er. F or example, the �rst %arg directive

in Figure 3.3 indicates that the �rst integer argument is passed in r[2]; the %result directives

indicate that the result is returned in r[2], if integer, or d[1], if double.

Marion supp orts only relatively simple CWVMs. Some CWVMs use a virtual frame p ointer

relative to the stack p ointer. Others have sp ecialized calling conventions; for example, a oating

p oint argument may b e passed in either an integer or oating p oint register, dep ending on the

preceding arguments. Still other CWVMs supp ort register windows. More complex CWVMs could

b e supp orted with additional directives (and have b een in other systems [Hen87]). F or example,

register windows could b e supp orted by extending Maril to allow incoming and outgoing parameters

and calleesave and callersave registers to all b e sp eci�ed separately

. The stack mo del is simple

b ecause this research concentrates on instruction scheduling.

3.3.3 Instructions

The Instr section (Figure 3.4) lists machine instructions, sp ecial instructions and glue transforma-

tions. The description for each instruction indicates its purp ose and scheduling requirements. Glue

transformations help complete the mapping b etween the IL and the target’s instruction set.

Each %instr directive describ es a single machine instruction in �ve parts. The �rst part is

the instruction mnemonic and op erands. An op erand may b e a generic memb er of a register set,

a sp eci�c register, an immediate range that app ears in a %def declaration or a sp eci�c immediate

v alue. The second part (in parentheses) is an optional typ e constraint that is used during co de

selection. A constraint of the form (typ e) restricts all register op erands to typ e. A constraint of the

form ($i==typ e) restricts op erand i to typ e.

The third part (in braces) is a single assignment C expression (excluding side e�ects and con-

ditional op erators) that indicates what op eration the instruction p erforms. Expression op erands

are integer constants or references to the instruction’s op erands, e.g., $1. The patterns used by the

matcher are derived from these expressions. If an instruction yields two results (or a side e�ect),

such as a register and a condition co de, then Maril semantics require the user to write a separate

instruction directive for each result. This may cause two instructions to b e generated where one

would su�ce; it also prevents the use of auto-increment addressing mo des. Many RISCs do not

have instruction side e�ects, but b oth the i860 and the Sun SP

ARC [Sun87] have condition co des

and the i860 has autoincrement addressing. At the exp ense of o ccasional ine�cient co de, this

restriction retains simplicity in deriving the patterns from the description and in matching the pat-

terns. Peephole optimization techniques for exploiting instruction side e�ects are well known and

could b e incorp orated into Marion, but no research has b een done on the interaction of p eephole

optimizations and instruction scheduling.

The fourth part of a directive (in brackets) sp eci�es the hardware resources needed by the

instruction on each cycle after the instruction is issued. Semicolons separate cycles; commas sepa-

rate resources within a cycle. F or example, in Figure 3.4, the add instruction uses the instruction

pip eline, one stage p er cycle; the fadd.d instruction requires the instruction deco de stage (ID) and

the �rst oating p oint adder stage (F1) each for two cycles, using b oth on the third cycle.

Finally

, the instruction directive includes a triple (c ost,latency,slots) that sp eci�es more schedul-

ing information:

(1) Cost is used only to distinguish actual instructions, which cost 1, from zero cost

dummy instructions. Dummy instructions are useful for typ e conversions in the IL that

require no actual instructions.

(2) L atency is the numb er of cycles b efore the instruction’s result can b e used by an-

other instruction. Usually the latency is the numb er of cycles an instruction sp ends in

execution stages, i.e., stages other than fetch, deco de or writeback. The presence or

absence of bypass hardware, however, can a�ect this relationship. Therefore, Marion

requires the user to indicate the latency directly

, at the risk of some redundancy .

(3) Slots sp eci�es the numb er of delay slots following the instruction that must b e �lled

by the scheduler. It is typically used for call and branch instructions, but can also b e

used for other instructions, such as a delayed load whose delay slot must b e �lled. A

p ositive slots v alue indicates that instructions in the delay slots are always executed.

A negative v alue indicates that they are executed only if the branch is taken. A zero

%instr add r, r, r (int ) =* inte ger add *=

f$1 = $2 + $3;g

[IF; ID; IE; IA; IW;] (1,1,0)

%instr addu r, r[0], #uconst16 ($1==int ) =* manifest c onstant *=

f$1 = $3;g

[IF; ID; IE; IA; IW;] (1,1,0)

%instr fadd.d d, d, d =* double o at add *=

f$1 = $2 + $3;g

[IF; ID; F1,ID; F1;F2;F3;F4;F5; IW,F5; IW;] (1,6,0)

%instr ld r, r, #const16 =* lo ad *=

f$1 = m[$2+$3];g

[IF; ID; IE; IA; IW;] (1,3,0)

%instr ld.d d, d, #const16 =* double o at lo ad *=

f$1 = m[$2+$3];g

[IF; ID; IE; IA; IW,IA; IW;] (1,4,0)

%instr st r, r, #const16 =* stor e *=

fm[$2+$3] = $1;g

[IF; ID; IE; IA;] (1,1,0)

%instr st.d d, d, #const16 =* double o at stor e *=

fm[$2+$3] = $1;g

[IF; ID; IE; IA; IA;] (1,1,0)

%aux fadd.d : st.d (1.$1==2.$1) (7) =* auxiliary latency for instruction p air *=

%move [s movs] add r, r, r[0] =* single r e g move, r efer enc e d by movd *=

f$1 = $2;g

[IF; ID; IE; IA; IW;] (1,1,0)

%move *movd d, d =* *func esc ap e: double move (2�instrs) *=

f$1 = $2;g

[ ] (0,0,0)

%instr cmp r, r, r (int ) =* c omp ar e *=

f$1 = $2 :: $3;g

[IF; ID; IE; IA; IW;] (1,1,0)

%instr b eq0 r, #rlab =* br anch if e qual *=

fif ($1 == 0) goto $2;g

[IF; ID; IE;] (1,2,1)

%glue r, r =* glue tr ansformation for c omp ar e *=

f($1 == $2) ==> (($1 :: $2) == 0);g

Figure 3.4: TOYP instructions. The (int) is a typ e constraint on the register op erands. The

expression (in braces) indicates the op eration the instruction p erforms. The resource vector (in

brackets) sp eci�es the resources required by the instruction on each cycle. The triple (in paren-

theses) gives the cost, latency and numb er of delay slots. The auxiliary latency directive (%aux)

overrides the normal latency lab el of a co de DAG edge b etween two instructions, if the constraint

is met. The %mov e directives indicate how to move b etween registers in the same set. A glue

transformation expands the left-hand-side subtree into the right-hand-side subtree.

v alue means that they are executed only if the branch is not taken, which is the same

as having no slots at all.

Sometimes op eration latency dep end s on the interaction b etween two instructions. F or these

situations the user employs an auxiliary latency directive (%aux), which overrides the normal

latency asso ciated with the �rst instruction in the pair. F or example, on TOYP

, the fadd.d instruc-

tion usually has a 6-cycle latency

. However, if the result is stored to memory then the latency is 7

cycles. The auxiliary latency directive (shown in Figure 3.4) sp eci�es that, if the �rst op erand of

the �rst instruction (1:$1) is the same as the �rst op erand in the second instruction (2:$1), then

the latency lab el on the co de DAG edge b etween an fadd.d and a st.d is 7.

The user must give the prop erties of a no-op instruction and, for each general purp ose register

set, a %mov e directive to indicate how to move b etween registers of that set. If a %instr directive

had an expression f$1 = $2;g, then Marion’s pattern matcher could lo op, continuing to match

this pattern. Marion could recognize such patterns and treat them sp ecially; the %mov e directive

simply puts this burden on the user. Alternatives for avoiding lo oping in the pattern matcher have

b een develop ed by Glanville [Gla77] and Henry [Hen84].

3.3.4 Mapping the IL

A target indep endent IL rarely maps directly onto a machine’s instruction set. Marion supp orts two

mechanisms that enable the user to complete this mapping. The �rst is the glue transformation.

Each glue transformation comprises a pattern tree and a replacement tree. In a separate pass prior

to co de selection, the glue transformer applies each transformation to the IL in a top-down manner;

if a sub ject IL subtree matches a pattern tree, it is replaced by the replacement tree. The glue

transformation handles most cases where an IL op erator do es not map directly onto the target

machine. It is generally employed when an IL op erator can b e mapp ed to two or three machine

instructions without the complication of half-register references. Typical uses are for comparisons,

conversions or loading 32-bit immediate v alues.

F or example, on TOYP to compare and branch requires the generic compare cmp that puts

a condition co de into a general purp ose register and the branch b e q0 that checks the condition in

the register and branches accordingly

. (See Figure 3.4.) T o map the \==" IL op erator onto this

two-instruction sequence, a glue transformation expands the subtree ($1 == $2) into the subtree

(($1 :: $2) == 0). The new op erator \::" (supp orted by Marion’s IL) will match the cmp instruction

and \==" will match the b e q0 instruction.

The glue transformation, however, is inappropriate for two more complicated mapping situ-

ations: transformations that must manipulate register halves and transformations that contain

common sub expressions. This is b ecause glue transformations are applied b efore pseudo-registers

are created and b ecause they are tree-to-tree, not tree-to-DAG transformations.

The second mechanism, the *func escap e, handles these cases and, in general, allo ws the user to

e�ect a complicated IL-to-target mapping without sacri�cing opp ortunities for e�cient generated

co de. The escap e mechanism allows the user to write a C function to pro duce a sequence of

individually schedulable instructions. A user-written function can and should comprise only calls

to primitives exp orted by Marion; these primitiv es create and manipulate op erands and generate

instructions. A user-written function is called by Marion when the co de selector matches an escap e

function. On TOYP

, for example, a move b etween d registers maps into two moves b etween r void movd (sopnds, resopnd) mo vd

SOPNDS sopnds; =* op er ands: dest, sr c *=

int resopnd; =* which op er and is dest *=

f

SOPNDS low opnds; =* temp or aries *=

SOPNDS high opnds;

opnd low(&low opnds[1], &sopnds[1]); =* lowhalf(dest) *=

opnd low(&low opnds[2], &sopnds[2]); =* lowhalf(sr c) *=

gen instr(s movs, 2, &low opnds[1], &low opnds[2]); =* move low half *=

opnd high(&high opnds[1], &sopnds[1]); =* highhalf(dest) *=

opnd high(&high opnds[2], &sopnds[2]); =* highhalf(sr c) *=

gen instr(s movs, 2, &high opnds[1], &high opnds[2]); =* move high half *=

g

Figure 3.5: Example escap e function. User-written co de for the *movd escap e function. Each

opnd low or opnd high creates an op erand that represents the low or high half of a d register. Each

gen instr references the r register move via the lab el s movs and generates a move instruction.

registers. The user-written function for *movd, shown in Figure 3.5, creates op erands to represent

the two halves of each d register and generates two move instructions b etween r registers; after

co de selection, each move instruction can b e scheduled individually

. The move b etween r registers

is referenced by the optional lab el [s movs] that app ears in the directive. (See Figure 3.4).

Maril includes several built-in functions for use in instruction expressions and transformations.

The built-in functions high and low are typically used to split a 32-bit immediate into 16-bit halves.

The built-in eval ev aluates a constant expression, typically to negate or decrement an immediate

v alue; it may app ear only within glue transformations. Datatyp es are used as built-ins to match

typ e conversions in the IL.

Marion supp orts two additional IL op erators. First, the generic compare sp ecial op erator \::",

which is useful for machines that separate compare and branch into two instructions, can b e in-

tro duced by a glue transformation. Second, the explicit arithmetic right shift \>>>" matches the

corresp onding IL op erator unambiguously

. Figure 3.6 shows glue transformations that use some of

these built-in functions.

Figure 3.7 presents a sample co de fragment for TOYP .

3.4 Co de Generator Generator

Marion’s co de generator generator takes a machine description as input and pro duces a set of target-

dep endent tables and routines that is used by the co de generator for co de selection, instruction

scheduling and register allo cation. The most imp ortant table is an array that contains instruction

information. Each array element corresp onds to an instruction directive given in the description

and contains the following: a pattern tree and a replacement symb ol derived from the expression

given in the directive; an array that indicates, for each instruction, its op erand kinds (e.g.register)

and their lo cations within the pattern and sub ject trees; an index into an array of resource vectors;

and cost, latency and delay slot data. Other data structures hold declarations, CWVM information,

%instr oru r, r, #uconst16 (char jshort jint )

f$1 = $2 j ($3 << 16);g =* lo ad c onstant upp er *=

[IF; ID; IE; IA; IW;] (1,1,0)

=* for lo ading 32�bit c onstant *=

%glue #const32 (int )

f$1 ==> (low($1) j (high($1) << 16));g

=* for adding ne gative c onstant *=

%glue r, #nconst16 (char jshort jint )

f($1 + $2) ==> ($1 � ev al(�$2));g

Figure 3.6: Glue transformations. An instruction directive and two glue transformations. The

�rst transformation splits a 32-bit constant into halves; it is needed for most RISCs, which do not

have 32-bit immediates. The low and high built-ins take the low and high halves of the constant,

resp ectively

. The oru instruction matches the subtree created by the transformation that represents

the high half. The second transformation is useful for loading a negative constant in one instruc-

tion on a machine that zero-extends immediate op erands. The built-in eval ev aluates a constant

expression.

C co de fragment

register double x;

double y;

int a;

a = 0xFFFFF;

x = y;

(a)

TOYP assembler fragment

; x is allo cated register d1

addu r4,r0,0xFFFF ; low half manifest constant

oru r5,r4,0xF ; high half manifest constant

st r5,8(fp) ; store a

ld.d d2,16(fp) ; load y

add r2,r4,r0 ; high(d1) gets high(d2)

add r1,r3,r0 ; low(d1) gets low(d2)

(b)

Figure 3.7: Sample TOYP co de. Given the C fragment in (a), the unscheduled TOYP co de is

shown in (b). The 32-bit constant takes two instructions to manifest. The double move also takes

two instructions.

classes and elements (describ ed in Chapter 4), auxiliary latencies, escap e function addresses and

glue transformation patterns. The instruction and glue transformation pattern trees are created at

compile time by a target-dep endent initialization routine.

The two most signi�cant target-dep endent routines are maptyp e de cl, which returns the general

purp ose register set for the given typ e, and r e g overlap, which returns register overlapping infor-

mation derived from %equiv directives and register sizes. These are used during pseudo-register

creation and register allo cation.

The co de generator generator uses a recursive descent parser to build lists of information that

directly corresp ond to the ma jor Maril constructs, such as declarations and instructions; the lists

are then pro cessed and output as initialized data.

Since most instructions use machine resources in the same manner, resource use vectors are

shared among instructions. The co de generator generator enters each unique vector it encounters

in a resource vector table that is output with the other information lists.

Because pattern trees are allow ed to match sub ject trees of v arious datatyp es, the pattern trees

are typ ed b ottom-up with a union of typ es called a multityp e. The multityp e indicates all p ossible

typ es that a pattern no de may match. Since the IL trees presented to the matcher are guaranteed

to b e correctly typ ed, the multityp e cannot cause an illegal match.

3.5 Co de Selection

Marion p erforms co de selection b efore control is given to the co de generation strategy

. The selector

matches the input program’s IL using a recursive-descent brute-force tree pattern matcher. Patterns

are derived from the machine description by the co de generator generator. The matcher examines

the patterns in the order given, greedily selecting the �rst one that matches, and then attempts to

match the subtrees. If unsuccessful, it pro ceeds to the next pattern. If successful, the pattern is

attached to the IL no de. Figure 3.8 gives the basic matching algorithm. After matching, Marion

do es a left-to-right b ottom-up walk of the IL, generating the co de stream according to the patterns

attached to the IL no des.

F or example, to match the sub ject tree shown in Figure 3.9, given the set of patterns in Fig-

ure 3.10, the top-down matcher b egins with the start symb ol \STMT" and examines the pattern

\= Addr REG." Since the top-level op erator in the sub ject matches the \=" op erator in the pat-

tern, the matcher examines the children, b eginning with the left child. The pattern tree’s left

child \Addr" matches the sub ject tree’s left child \Addr a." The pattern tree’s right child is the

non-terminal \REG," so the matcher recurses and examines patterns whose replacement symb ols

are \REG" against the new sub ject tree ro oted at the \+" no de. The �rst symb ol in the pattern

\+ REG REG" matches the new sub ject tree’s top-level op erator, so the matcher examines the

children. Since the pattern tree’s left child is \REG," the matcher again recurses. The �rst pat-

tern it examines fails b ecause the op erators do not match. The �rst symb ol in the next pattern

\" Addr" matches the sub ject tree’s top-level op erator and the children match as well. At this

p oint the matcher returns suc c ess and then attempts to match the other subtree. This subtree

matches in similar fashion; therefore the entire tree matches.

Two tables are created by the co de generator generator to e�ect more e�cient matching. The

�rst, the NTindex table, contains triples (nt,�rst,last) ; each maps a replacement symb ol nt into a

Algorithm 1: match

Input: threaded IL DAG

Output: attributed threaded IL DAG

De�ne: foreach IL sub ject or pattern no de s

s:op = IL op erator; s:ty pes = set of allo wable typ es (multityp e)

s:pat = pattern matched by a sub ject no de

De�ne:

N T = the set of non-terminal replacement symb ols

N :pat = the set of patterns asso ciated with a non-terminal symb ol N

Metho d:

/*** Match al l statements in pr o c e dur e ***/

foreach no de s 2 IL thread

if matchNT(STMT,s) = true then

success

else

error

endif

endfor

matchNT(N ; s)

/*** Match a non-terminal ***/

foreach pattern p 2 N :pat

if matchpat(p; s) = true then

return true

endif

endfor

return false

matchpat(p; s)

/*** Match a p attern ***/

if p:op = s:op and s:ty pes � p:ty pes then

foreach p.child

if matchpat(p:chil d; s:chil d) = false then

return false

endif

endfor

s:pat = p

return true

elseif p:op matches some symb ol N then

if matchNT(N ; s) = true then

return true

endif

endif

return false

Figure 3.8: Algorithm for matching the IL. STMT is the non-terminal start symb ol in the

grammar derived from the machine description.

"!

#

"!

#

"!

#

"!

#

"!

#

"!

#

"!

#

? ?

@

@

@ R

@

@

@ R

�

�

�

�

�

�

Addr a

Addr c

Addr b

" "

+

=

Figure 3.9: Example IL sub ject tree for the statement a = b + c. \"" is an op erator that extracts

the v alue at an address.

Replacement Pattern Instruction

STMT = Addr REG st addr,r

REG + REG REG add r1,r2,r3

REG " Addr ld addr,r

Figure 3.10: T ree patterns. T able of tree patterns (in pre�x form), replacement symb ols and

corresp onding instructions. STMT is the non-terminal start symb ol. REG is a non-terminal that

represents a register. \"" is an op erator that extracts the v alue at an address. Addr is a terminal

symb ol (leaf ) that represents an address.

range in the second table, the OPindex table. The OPindex table contains triples (op,�rst,last) ;

each maps an IL op erator op into a range in the instruction pattern array

. At any p oint during

matching, the top-down matcher has a replacement symb ol (from the containing pattern) and a

sub ject tree. The matcher uses the replacement symb ol to index into the NTindex table, yielding

a range in the OPindex table. The matcher uses the top-level op erator of the sub ject tree to index

into this range, yielding a range of instructions to examine. All instructions in this range have the

replacement symb ol nt and a pattern tree whose top-level op erator is op. Figure 3.11 shows an

example.

During co de selection pseudo-r e gisters are created for all expression temp oraries. Lo cal common

sub expressions and user v ariables that may reside in registers are also represented by pseudo-

registers. Pseudo-registers are later mapp ed to physical registers by the register allo cator. L o c al x x

x x

-

-

-

-

-

-

Sub ject tree: ADD REG REG

Replacement symb ol: REG

NTindex

REG

MUL

SUB

OPindex

ADD

Instruction patterns

add

add

add

add

Figure 3.11: Pattern matcher tables. An example use of the NTindex and OPindex tables by

the pattern matcher. Assume the current replacement symb ol is REG and the sub ject tree is \ADD

REG REG" (pre�x notation). The replacement symb ol REG indexes into NTindex, which gives

a range into OPindex. The top-level sub ject tree op erator ADD indexes into the OPindex range,

which yields a range of instruction patterns. The pattern matcher examines the patterns in order,

attempting to match the sub ject tree.

pseudo-registers refer to registers that are live in only one basic blo ck. Registers that are live in

more than one blo ck are known as glob al pseudo-registers.

A simple co de selector that is separate from other co de generation phases can yield ine�cient

co de for CISCs. This is b ecause most op erations may b e p erformed directly on memory op erands

and b ecause many IL constructs can b e mapp ed to more than one instruction sequence. On RISCs,

however, op erands may not reside in memory and most IL constructs can b e mapp ed to only one

instruction sequence. Therefore, since the co de selector’s choices are limited, a simple scheme that

is separate from register allo cation causes few ine�ciences.

2

Addressing expressions do require the

selector to make choices, but the choices are simple enough to b e managed with a hand-ordered

2

On some RISCs, notably the i860, there is a greater p otential for ine�ciency

, b ecause the co de selector

has more instruction sequence choices. Nevertheles s, there are still signi�cantly fewer than on most CISCs.

pattern list, using the greedy heuristic.

The input to the co de selector is an IL DAG. T o accommo date DAGs within a naive tree pattern

matcher, an IL no de with more than one parent is forced into a register, unless it is a constant that

can b e subsumed by an addressing mo de or an immediate op erand.

3.6 Co de Generator Structure

Marion’s mo dular structure allows it to supp ort di�erent co de generation strategies. The strategy

mo dule directs p ost-selection co de generation, as shown in Figure 3.12. It is invoked once p er source

pro cedure and calls the strategy-indep endent routines as appropriate. The strategy-indep endent

p ortion of the back end has three logical comp onents: (1) the co de DAG builder constructs a

DAG of machine instructions for each basic blo ck (see Section 4.1); (2) the global register allo cator

determines how physical registers are used; and (3) scheduling supp ort handles low-level scheduling

details, such as checking for resource con icts and maintaining the list of instructions that can

b e scheduled without causing a delay

. The scheduling algorithm is strategy-dep endent. Because

the strategy is isolated from the rest of the co de generator, the strategy can b e replaced with a

minimum of e�ort. Quick recon�guration is useful b oth to determine the b est strategy for a target

architecture and to exp eriment with new strategies. The strategies are discussed in Chapter 6.

3.7 Register Allo cation

Marion uses a graph coloring global register allo cator based on the work of Chaitin [Cha82

] and

Briggs et al. [BCKT89]. Graph coloring mo dels the register allo cation problem as an interference

graph in which no des represent pseudo-registers and edges represent interference b etween them.

Two pseudo-registers interfer e if there is some p oint in the program at which they are b oth live. Two

pseudo-registers interfere if their lifetimes overlap, meaning they cannot share the same register. By

assigning di�erent colors to interfering no des, coloring the graph is analogous to assigning physical

registers to pseudo-registers. The register allo cator determines interference using the instruction

order that is presented to it.

Chaitin’s approach is widely used, pro duces go o d results and is general enough to supp ort

di�erent co de generation strategies. Its disadv antage is that a pseudo-register is either assigned a

physical register or is spilled for its entire lifetime. Chow and Hennessy’s metho d [CH84], which

\splits" a pseudo-register’s lifetime, may b e a pro�table alternative. The next two sections describ e

Chaitin-style and Chow-style register allo cation in more detail.

3.7.1 Chaitin-st yle Register Allo cation

In a Chaitin-st yle register allo cator [CAC

+

81, Cha82], all expression temp oraries, common sub ex-

pressions and user v ariables that may legally reside in registers are given pseudo-registers during

co de selection. The register allo cator considers al l pseudo-registers, b oth global and lo cal; it allo-

cates physical registers to some of them and spills the rest to memory

, inserting spill co de (load

and store instructions) where appropriate. In Chaitin’s allo cator as well as with the mo di�cations

of Briggs et al. [BCKT89] and Bernstein et al. [BGM

+

89], a pseudo-register either gets a physical

register or is spilled to memory for its entire lifetime.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

. .

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

’

&

$

%

? ? ?

? ? ?

- - -

Routines

T ables/

T arget-dep endent

T arget-indep endent

Builder

Global

Register

Allo cator

Strategy-dep endent

Strategy-indep endent

Scheduling

Supp ort

Strategy

Co de DAG

Co de Selector Strategy co de stream scheduled co de IL

Figure 3.12: Co de generator structure. (The symb ol ! means \calls" or \accesses.")

The register allo cator comprises four phases: interference graph building, coalescing (or sub-

sumption), coloring and spilling. Chaitin’s metho d iterates over the graph building, coalescing

and spilling phases until it determines that the graph is colorable. Briggs’s metho d, which Marion

employs, also attempts to color the graph on each iteration.

The coalescing phase combines two pseudo-registers if all of the following are true: (1) there is

a move b etween the last use of one and the de�nition of the other; (2) the two do not interfere; and

(3) the combined pseudo-register no de is unconstrained. A pseudo-register no de is unc onstr aine d

if it has fewer neighb ors in the interference graph than allo cable physical registers. Unconstrained

no des can always b e colored.

Constrained no des are colored in decreasing order of priority; then unconstrained no des are

colored. F or each no de p,

priority

p

= r e gc ost

p

de gr e e

p

: (3.1)

De gr e e

p is the numb er of neighb ors of p in the interference graph. R e gc ost

p is the cost (in machine

cycles) of forcing p into memory

. Generally

, this is the sum of the cost of each memory reference

weighted according to the frequency of use of the reference’s blo ck. Sp eci�cally

, let p b e a pseudo-

register; then

r e gc ost

p

=

X

r 2r efs

p op c ost

r

� fr e q

b

; (3.2)

where

(1) op c ost

r is the numb er of instructions needed to do a load or store op eration;

3

(2) b is the basic blo ck containing the reference r ;

(3) fr e q

b is the numb er of times b is executed (as calculated by a pro�ling to ol) and

(4) r efs

p is the set of all references to p.

R e gc ost

p is divided by de gr e e

p

(Equation 3.1) to re ect the fact that if p is assigned a physical

register, then that physical register cannot b e assigned to any of p’s neighb ors.

If a pseudo-register cannot b e colored, then it is spilled. Each use of the register is preceded by a

load and each de�nition is follow ed by a store, except that multiple uses of a global pseudo-register

within a blo ck are bracketed by only one load and one store. New short-lived pseudo-registers are

created to hold the v alues b etween loads and uses and b etween stores and de�nitions. Therefore, if

any spilling o ccurs, a new interference graph must b e constructed; coalescing and coloring are then

rep eated.

Marion Register Allo cation

Marion register allo cation uses Chaitin’s metho d [Cha82] with the mo di�cations of Briggs et al.

[BCKT89], except that the co de generation strategy determines how the register allo cator is applied

3

Op c ost

r is 2 for double precision pseudo-register s and 1 for all others. It do es not consider load latency ,

but could b e mo di�ed to do so.

to lo cal and global pseudo-registers; they may b e considered together, which is the standard metho d,

or separately .

Chaitin do es not sp eci�cally discuss register pairs. In Marion’s register allo cator no des in the

interference graph that represent register pairs must b e colored with two adjacent colors (which

corresp ond to adjacent physical registers); the coloring phase enforces this using a �rst-�t p olicy .

(It currently assumes even/o dd pairs.) The presence of register pairs changes the de�nition of an

unc onstr aine d no de. A no de p is unc onstr aine d, if de gr e e

p

�ne e d

p is less than the numb er of allo cable

registers. Ne e d

p is the numb er of physical registers required by pseudo-register p (2 for a register

pair). The new de�nition of de gr e e

p is as follows:

de gr e e

p

=

X

q 2neighb ors

p ne e d

q

: (3.3)

Thus, the degree of a no de is the sum of the physical register requirements of its neighb ors. The

new de�nition of unc onstr aine d considers the case where a register pair cannot b e colored b ecause

of physical register set fragmentation. Marion’s coloring p olicies reduce fragmentation by packing

together pseudo-registers that need single physical registers, but fragmentation can still o ccur.

Register calling conventions indicate which physical registers are calleesave (preserved by the

called pro cedure), which are callersav e (not preserved by the called pro cedure) and which are used

to pass parameters. Marion includes callersav e physical registers in the interference graph and

makes them interfere with pseudo-registers that are live across a pro cedure call. This prevents

callersave registers from b eing assigned to those pseudo-registers, as Chaitin recommends.

F or each calleesave register, Marion inserts a move instruction in the pro cedure’s prolog

4

from

the calleesave register to a new pseudo-register; a move from the pseudo-register back to the

calleesave register is inserted in the epilog. The register allo cator treats this pseudo-register as

it treats all other pseudo-registers. If p ossible, it is coalesced with the calleesave physical register,

thereby eliminating the moves. If the pseudo-register cannot b e colored, it is spilled, which in e�ect

saves the calleesave register on the stack. Chow’s shrink-wr apping [Cho88] may b e a useful addition

to this scheme.

At a call site, an argument that is passed in a register is moved explicitly into that physical

register. Again, the register allo cator relies on coalescing to eliminate unnecessary moves.

3.7.2 Cho w-st yle Register Allo cation

Chow and Hennessy’s metho d [CH84, CH90] di�ers from Chaitin’s in that the register allo cator can

split a candidate’s lifetime. In Chow’s original metho d, global register allo cation is p erformed on a

subset of the av ailable physical registers b efore co de selection. The remaining registers are used for

lo cal expression temp oraries. Larus and Hil�nger’s v ariation [LH86] p erforms register allo cation

after co de selection. This section discusses the original metho d, Larus and Hil�nger’s v ariation and

describ es how a Chow-style allo cator could b e �t into Marion.

4

The pr olo g is the sequence of instructions at the b eginning of a pro cedure that prece des the user’s

co de. The epilo g is the sequence at the end of a pro cedure that follows the user’s co de. The prolog and

epilog contain co de to allo cate and deallo cate the pro cedure ’s activ ation record and to enforce the calling

conventions.

T o p erform register allo cation b efore co de selection, Chow’s allo cator divides the register set

into two �xed-size partitions, one for global register allo cation and one for expression temp oraries

created by the co de selector. Each register allo cation candidate, including user v ariables and

optimizer-generated temp oraries, has a \home" stack lo cation, where it will reside if do es not get

a physical register. The interference graph is constructed using the basic blo ck as the grain-size.

This means that two candidates interfere if there is some blo ck in which b oth are live, even though

one may b e live only at the b eginning of the blo ck and the other live only at the end. In contrast,

Chaitin-style allo cators use a �ner grain-size, the machine instruction. Coalescing is not applicable

in a Chow-style allo cator, b ecause machine instructions have not yet b een generated.

Like Chaitin-style allo cators, Chow’s allo cator computes a priority for each candidate no de;

constrained and unconstrained no des are also distinguished. The colorer iterates until no more

no des can b e colored. On each iteration, the highest priority constrained no de is colored, each of

its neighb ors is checked to see if the neighb or should b e split, and uncolorable no des are removed

from the interference graph. If splitting o ccurs, the graph is up dated and the constrained and

unconstrained sets are recalculated. After coloring, the IL is mo di�ed to re ect the lo cations of the

candidates that were colored.

Lifetime splitting is one of the main adv antages of Chow’s allo cator; it allows the allo cator the

freedom to assign a register to an imp ortant p art of a candidate’s lifetime, instead of all or none

of it. A second adv antage is compile-time e�ciency: Chow’s allo cators consider fewer candidates,

b ecause lo cal expression temp oraries are left to the the co de selector, and the coloring pro cess o ccurs

only once with incremental up dates of the interference graph; Chaitin-st yle allo cators iterate over

the graph construction and coloring phases.

The primary disadv antage of Chow’s allo cator is that it partitions the register set, which elim-

inates the p ossibility of using registers for global candidates sometimes and for lo cals other times.

Another disadv antage is the larger grain-size, which increases the numb er of global pseudo-registers

that interfere.

Larus and Hil�nger’s register allo cator [LH86] eliminates register set partitioning by allo cating

registers after co de selection. It is more like Chaitin’s allo cator, in that all allo cation candidates

are represented in the co de by pseudo-registers. Also, all pseudo-registers (global and lo cal) are

placed into the interference graph together. Like Chow’s metho d, however, the grain-size is a basic

blo ck. Chow’s coloring algorithm, including lifetime splitting, is used to color the graph. Spill co de

is inserted for candidates that must reside in memory or whose lifetimes are split. Two registers

are reserved for use in spill co de; this avoids the need for rep eating the coloring.

Because Marion allows the co de generation strategy to direct register allo cation and instruction

scheduling, Chow’s original metho d, which p erforms allo cation b efore co de selection, is inappro-

priate. Larus and Hil�nger’s metho d is compatible with Marion, but the basic blo ck grain-size for

interference would b e to o coarse for workloads that contain large basic blo cks.

3.8 Summary

This chapter has discussed the machine description language Maril, along with the ma jor com-

p onents of the Marion System, including register allo cation, co de selection and the intermediate

language. Maril’s innov ation is the incorp oration of instruction scheduling information in a machine description language for co de generation. Maril has constructs, such as auxiliary latencies

and escap e functions, to handle idiosyncrasies that are found even on RISCs. The next chapter

continues with an examination of Marion’s instruction scheduling.

Chapter 4

Instruction Sc heduling

Many basic blo ck instruction scheduling algorithms have b een used for sp eci�c RISCs and mi-

cro co ded pro cessors. Marion’s instruction scheduling infrastructure supp orts many of the algo-

rithms, which are themselves target-indep endent. In addition, the data structures that Marion

employs are target-indep endent, but contain target sp eci�c information that is derived from the

machine description.

Recall that the co de generation strategy directs the invo cation of and degree of communication

b etween instruction scheduling and register allo cation. The strategy also includes the scheduling

algorithm, so that the algorithm can b e easily replaced. This p ermits the compiler writer to

exp eriment with di�erent strategies and scheduling algorithms to �nd the appropriate ones for the

target machine and exp ected workload.

This chapter �rst describ es the primary scheduling data structure, the scheduling algorithms

that are supp orted and Marion’s structural hazard checking. Then it describ es algorithms to

schedule explicitly adv anced pip elines and proves them correct. Finally

, it discusses scheduling for

the Intel i860, which has explicitly adv anced pip elines.

4.1 Co de D A G

The primary data structure that supp orts basic blo ck instruction scheduling is the c o de DAG,

in which no des represent instructions and directed lab eled edges represent dep endence s b etween

instructions. The lab el represents the latency b etween the edge’s source and destination no des.

The DAG is threaded by a c o de thr e ad, which forms a top ological sort and represents the initial

order of the basic blo ck’s instructions. A r o ot of the DAG is a no de that dep ends on no others

(i.e., it has no predecessors). A le af is a no de on which no other no des dep end (i.e., it has no

successors). An edge (x; y ) with lab el l means that y cannot b e scheduled fewer than l cycles after

x without either violating the program’s semantics or causing a data hazard, a pip eline delay that

o ccurs when data is not yet av ailable. Edges are of three typ es.

1

A typ e 1 edge (x; y ) represents

a true dep ende nce

2

and is intro duced if one of y ’s source op erands is x’s result. The edge lab el is

x’s latency

. Typ e 2 edges ensure that memory references are ordered prop erly; they can b e true,

anti- or output dep end ences. A typ e 2 edge is intro duced b etween two memory references, one of

which is a store, that may reference the same lo cation. (Section 3.2 discusses Marion’s memory

reference disambiguation algorithm.) Typ e 3 edges, which are anti-dep endence s, are used by some

1

Edge typ es are distinguished only in the way they are created, not by the schedulers.

2

A true dep endence (also called a ow dep ende nce ) is an edge from a de�nition to a use. An anti-

dep endenc e is an edge from a use to a de�nition. An output dep endence is an edge b etween two de�nitions.

co de generation strategies to ensure that separate uses of the same physical register do not overlap.

A typ e 3 edge is intro duced b etween uses and a subsequent de�nition of a physical register. Typ e 2

and typ e 3 edges are given latency lab els of 1. The lab el’s v alue is actually target-dep endent, but

a v alue of 1 is su�cient to generate correct schedules for all the architectures considered in this

research.

The strategy mo dule controls the inclusion of each edge typ e, p ermitting Marion to supp ort

strategies that do not require all typ es; for example, Hennessy and Gross’s metho d [HG83] do es

not require typ e 3 edges.

The IL DAG, which is output by the front end, provides an initial template for the co de DAG.

The co de selector matches the IL and creates a corresp onding sequence of machine instructions,

but do es not create the co de DAG. Marion separates co de DAG construction from co de selection,

b ecause (1) only typ e 1 edges corresp ond to edges in the IL DAG and (2) the co de DAG is di�cult

to keep up-to-date when spill co de is inserted by the register allo cator.

4.2 Sc heduling Algorithms

Many pro cessors, such as the CDC 6600 and the IBM 360/90, have p erformed instruction scheduling

dynamically in the hardware [T om67

, Tho70]. F or micro co ded pro cessors, micro co de programmers

have employed b oth hand-co ded and compiler-based scheduling (or compaction) techniques. More

recently

, RISC compilers have used instruction scheduling techniques on machine co de.

Except in limited cases, optimal instruction scheduling, even without resource or register con-

straints, is NP-complete. Consequently

, heuristics are typically employed. Lawler et al. [LLM

+

87]

give a survey of theoretical results. Bernstein and Gertner present a p olynomial-time algorithm for

the case where a single pip eline has a maximal delay of one cycle [BG89]. Pro ebsting and Fischer

present a linear-time algorithm that minimizes execution time and lo cal register use, given an ex-

pression tree and assuming a machine with a 2-cycle load latency and no other latencies greater

than 1 [PF91].

The most common approach to instruction scheduling is list sche duling [Tho67, LDSM80, Fis81 ,

HG83, FERN84, GM86, GH88, W ar90]. Given a co de DAG, the scheduler keeps a list of instructions

that are ready to b e scheduled without causing a delay

. On each iteration it uses a heuristic to

cho ose a ready instruction to schedule and then up dates the list. In the general case, this approach

has worst-case running time of O (e), where e is the numb er of edges in the DAG, but the heuristic

can increase the complexity .

A list scheduler typically selects the highest priority no de in the ready list. A common heuristic

for assigning priority is maximum distanc e, the length of the longest path through the co de DAG

from the instruction no de to a leaf no de. The length of a path is the sum of all edge lab els along the

path.

3

The reasoning is that the no de farthest from completion is the most critical; less imp ortant

no des can b e scheduled later. Maximum distance is a go o d initial heuristic, but there are cases

where additional or alternativ e heuristics are pro�table.

F or example, given the DAG in Figure 4.1, the schedule \b; a; c; d; e;" is optimal. However, using

only the maximum distance heuristic, the inferior schedule \a; c; b; ; d; e;" is equally likely

, b ecause

a, b and c have the same priority

. The delay \ ;" o ccurs b ecause b has a latency of 2. A second-level

3

The maximum distance is sometimes called the height of the no de within the DAG.

�

� �

�

�

�

�

�

�

�

�

�

�

�

�

�

�

@

@

@ R

@

@

@ R

2 2 2 2

d a b

e c

Figure 4.1: Example DAG. No des represent instructions. Edges represent dep enden ce. Edges

are lab eled with latencies. The scheduler can schedule either a, b or c �rst; b is the correct choice,

b ecause b oth d and e dep end on b.

heuristic that gives higher priority to no des with more successors would cho ose correctly in this

case. The idea b ehind this heuristic is that scheduling a no de with more successors creates more

choices for the scheduler on subsequent cycles and allows more no des to b ecome ready so oner.

Another heuristic, used by Gibb ons and Muchnick [GM86

], gives a higher priority to a no de that

has a greater op eration latency with one of its successors. By scheduling such a no de �rst, there will

b e more opp ortunities to hide the latency with other instructions. Gibb ons and Muchnick use the

numb er of successors and the maximum distance as second- and third-level heuristics, resp ectively .

An alternativ e to having a second-level priorit y is Palem and Simons’s Rank algorithm [PS90].

This algorithm incorp orates maximum distance and the numb er of successors into a single \rank."

First, the algorithm sets the rank of all leaves to some large numb er (e.g., size of the co de DAG

plus total of all edge lab els). Decreasing ranks are assigned from leaves to ro ots. T o assign no de i’s

rank, each successor is �t into a tentative schedule based on its rank; then, i is given a rank that

re ects its p osition in the schedule relative to its successors. F or example, consider the DAG in

Figure 4.1. The algorithm would assign d and e a rank of 13. No de a gets a rank of 11, since d’s

rank is 13 and the latency b etween a and d is 2. No de c also gets a rank of 11. T o assign b’s rank,

the algorithm creates a schedule containing d and e: d at cycle 13 and e at cycle 12. Now, b gets a

rank of 10, since it must b e scheduled at least 2 cycles b efore e. Thus, b has a higher rank than a

or c and, therefore, is scheduled �rst.

Some list schedulers up date priorities during the scheduling pro cess. F or example, W arren’s

scheduler for the IBM RS/6000 [W ar90] runs b efore register allo cation. T o restrain register needs,

the scheduler reduces the priorities of load instructions as the numb er of live registers needed by

the schedule increases.

Algorithms other than list scheduling have b een used as well. The critic al p ath algorithm,

describ ed by Landskov et al. [LDSM80], schedules all no des along the longest path from a ro ot of the

co de DAG to a leaf. Then, other paths are �t around that schedule, stretching it if necessary

. The

br anch and b ound algorithm, also describ ed by Landskov et al., builds a tree of p ossible schedules.

Each leaf is a complete schedule for the co de DAG. An exhaustive search of the tree will �nd the

optimal schedule, but takes exp onential time. The search is heuristically b ounded by noting the

length of the b est incomplete path so far and pruning the tree of branches that represent apparently

worse incomplete paths. The Bulldog compiler [FERN84] also uses a branch and b ound algorithm

as an alternativ e to list scheduling.

A radically di�erent approach by Arya [Ary85

] uses integer programming to pro duce optimal schedules for the Cray-1, alb eit exp onentially in the numb er of no des. Scheduling constraints,

including op eration latencies and resource requirements, are mo deled as inequalities. These are fed

to an integer programming pack age, which �nds the lowest cost solution.

All of Marion’s co de generation strategies use list scheduling algorithms with the maximum

distance as the primary heuristic. With minor additions to the scheduling supp ort routines, other

scheduling algorithms, such as critical path and branch and b ound could b e employed.

There may b e some interaction b etween the architecture and scheduling algorithms. F or exam-

ple, for one architecture a particular algorithm may pro duce the b est schedules, whereas a di�erent

algorithm is the b est for another architecture. Also, a sophisticated algorithm may yield a high

b ene�t on one architecture, but little on another. T o date, I have not explored these p ossibilities

b eyond contemplating them.

4.3 Structural Hazards

A structural hazard o ccurs when two instructions need the same resource on the same cycle. F or

example, two instructions executing in separate functional units may require a register write-back

bus on the same cycle, or an instruction may need a pip eline stage for more than one cycle,

preventing its use by a subsequent instruction. Avoiding these hazards can yield b etter co de.

As discussed in Section 3.3.3, the machine description indicates each instruction’s resource needs.

F rom this information Marion constructs a r esour c e ve ctor for each instruction. Each element of

the resource vector contains all resources needed on a particular cycle. T o avoid structural hazards,

the scheduler compares a candidate instruction’s resource vector with a resource vector that is the

comp osite of the resources required by all currently executing instructions; if the intersection is

non-empty

, the candidate is not scheduled.

This metho d is computationally simple and easy to implement, but it restricts the scheduler’s

knowledge of structural hazards to the current cycle. Information is av ailable to check future

hazards; one p ossibilit y involves adding sp ecial edges to the co de DAG to indicate where hazards

would result. However, the additional pro cessing time would b e high and the likely b ene�t low.

Marion’s structural hazard detection metho d cannot handle some complicated hazards. F or

example, the 88000 employs a priority scheme to regulate the use of its register write-back bus. (See

Section 2.2.) Integer instructions have the highest priorit y , follow ed by oating p oint instructions

and then loads. T o accommo date this feature I considered the follo wing:

(1) Allow a priority range to b e asso ciated with a resource declaration in the machine

description.

(2) Allow an element of a resource vector asso ciated with an instruction to indicate its

priorit y .

(3) Examine priorities when checking for structural hazards and allow schedules to

contain structural hazards, if they are caused by prioritized resources.

The main problem is that the cycle on which an instruction uses a resource can shift, causing other

resource uses to shift as well. One solution is to have Marion keep individual resource vectors for

all currently executing instructions, instead of a comp osite resource vector. However, checking for

structural hazards, which is already time-consuming, would b ecome considerably more exp ensive.

%instr adds r, r, r

f$3 = $1 + $2;g

[ALU; WB] (1,1,0)

%move fmov.s f, f ( oat )

f$2 = $1;g

[F ALU; FWB] (1,1,0)

Figure 4.2: Maril directives for i860 integer add and oating p oint move instructions.

Since Marion cannot predict when a load request will actually b e serviced by the memory system,

I concluded that the p otential b ene�t would not justify the exp ense. Instead, Marion’s view is that

the �rst instruction scheduled gets the resource. This sometimes yields less e�cient co de, but not

incorrect co de.

Resources can b e used to control multiple instruction issue for some sup erscalars. The scheduler

will schedule as many instructions on a cycle as p ossible as long as they cause no structural hazards.

F or example, the i860 allo ws an integer and a oating p oint instruction to b e issued simultaneously .

By using a di�erent set of resources for each of the two instruction typ es, the user can mo del two

instructions p er cycle. Figure 4.2 shows integer add and oating p oint move instruction directives.

4

Since the resources they use di�er, one of each can b e scheduled p er cycle.

4.4 Con trol Hazards

A control hazard is a pip eline delay caused by a branch instruction if the branch target address is

not known when the target instruction needs to b e fetched. Most RISCs attempt to avoid these

hazards by using a branch delay mechanism. (See Chapter 2.) In Maril, the numb er of delay slots

is sp eci�ed in the instruction directive. Currently

, Marion always �lls branch delay slots with no-

ops. Gross and Hennessy’s algorithm for �lling these slots [GH82, Gro83] could easily b e included

in Marion. This algorithm runs as a separate intra-pro cedural pass after instruction scheduling.

It attempts to �ll delay slots with instructions that are b efore the branch, with instructions that

follow the branch target, and with instructions that follo w the branch. Gross and Hennessy found

that, on a machine whose branches have one delay slot that is always executed, their algorithm

�lled 90% of the delay slots (counted statically). The e�ect on overall p erformance of �lling branch

delay slots v aries with the workload; it will b e lower for computation-intensive programs than for

decision-intensive programs.

4.5 Classes and Clo c ks

The co de DAG and resource vectors provide enough information to schedule instructions for many

RISCs, including the R2000 and 88000. In addition, multiple instruction issue can b e mo deled using

machine resources. Some architectures, however, restrict multiple instruction issue or instruction

4

The actual resourc es used in the i860 description di�er from what is shown, b ecause of explicitly adv anced

pip elines, discussed in Section 4.5.

word packing,

5

or have features that cannot b e expressed using the Maril constructs intro duced so

far.

The i860 has several such features. First, it supp orts instructions to p erform oating p oint

multiply and add together, but the restrictions on packing these op erations together are irregular;

not all combinations are legal. Second, it has chaining options that feed the results of one oating

p oint pip eline into another. Third, the oating p oint add and multiply pip elines must b e explicitly

adv anced. An explicitly advanc e d pip eline (EAP) is a pip eline that retains its state until one of a

particular set of instructions is executed. An example is a multiply pip eline that adv ances only

when a multiply instruction is issued; after a multiply has b een \launched," the pip eline remains

in a susp ended state until the next multiply is issued.

T o mo del the i860 oating p oint unit, Marion views it as a \long instruction word" in which

each �eld corresp onds to one of the following: three multiplier stages called M1, M2 and M3, three

adder stages called A1, A2 and A3, and the oating p oint write-back bus FWB. The individual

pip estage sub-op erations that comp ose a full op eration are declared as instructions, as shown in

Figure 4.3(b). F or example, to p erform d6 d4 � d5, the co de selector pro duces the sequence,

M1 d4; d5; M2; M3; FWB d6.

M1 launches the multiply

, M2 and M3 adv ance the pip eline and FWB catches the result. These sub-

op erations need not b e scheduled on consecutive cycles, b ecause the pip eline is explicitly adv anced.

In addition, since each sub-op eration uses only the resource corresp onding to one �eld, it may b e

packed with others to form a long instruction word.

Two Maril features supp ort the scheduling of sub-op erations. First, to handle irregular packing

restrictions, the user asso ciates a class with a sub-op eration. The class is the set of all long

instruction words in which that sub-op eration may app ear. The long instruction words are class

elements. Two sub-op erations may b e packed if the intersection of their asso ciated classes is non-

empty

. The scheduler checks for legality as each sub-op eration is packed. F or example, the i860

oating p oint multiply instruction pfmul is a class element. Classes asso ciated with M1, M2, M3

and FWB all contain pfmul . Therefore, M1 and M3, for example, may b e packed together, yielding

a pfmul instruction.

Second, to allow EAP sub-op erations to b e separated in the schedule, the user de�nes a clo ck

to keep track of time in a particular EAP

. A temp or al r e gister based on clo ck k is a register

whose v alue changes when clo ck k ticks. T emp oral registers are typically latches b etween EAP

pip estages. Instructions that adv ance an EAP

, and therefore change the v alues in its latches, are

declared to a�e ct the EAP’s clo ck. As shown in Figure 4.3, the i860 multiply pip eline has three

temp oral registers, m1, m2 and m3, based on clo ck clk m; each multiply sub-op eration a�ects

clk m. Section 4.8 discusses scheduling for the i860 in more detail.

Pip elines that adv ance on every cycle need not b e mo deled at the latch level, b ecause the sub-

op erations p erformed in the stages may not b e temp orally separated. Within an EAP

, however,

the sub-op erations may b e separated. Doing so sometimes enables an op eration to b egin earlier

than would otherwise b e p ossible; it also facilitates the packing of instructions from more than

one pip eline. Separating sub-op erations requires the scheduler to keep track of the sub-op eration

results in temp oral registers, a pro cess that is called temp or al sche duling.

5

Recall that instruction word p acking refers to the pro cess of �tting individual op erations into a long

instruction word.

%clo ck clk m; =* multiple pip eline clo ck *=

%reg m1 (double ; clk m) +temp oral ; =* stage 1 exit latch *=

%reg m2 (double ; clk m) +temp oral ; =* stage 2 exit latch *=

%reg m3 (double ; clk m) +temp oral ; =* stage 3 exit latch *=

(a)

%instr M1 d, d (double ; clk m) =* launch multiply *=

fm1 = $1 * $2;g

[M1] (1,1,0)

%instr M2 (double ; clk m) =* advanc e thr ough stage 2 *=

fm2 = m1;g

[M2] (1,1,0)

%instr M3 (double ; clk m) =* advanc e thr ough stage 3 *=

fm3 = m2;g

[M3] (1,1,0)

%instr FWB d (double ; clk m) =* c atch r esult *=

f$1 = m3;g

[FWB] (1,1,0)

(b)

Figure 4.3: Maril description for i860 oating p oint multiply. (a) Declarations for a multiply

clo ck clk m and its asso ciated temp oral registers. T emp oral registers represent latches in the

multiply pip eline. (b) Instruction directives for i860 oating p oint multiply

. Each multiply sub-

op eration a�ects clk m.

A condition co de register is, in e�ect, a temp oral register. Like an EAP latch, it is set by some

instructions, but unmo di�ed by others. The compiler writer declares the condition co de register to

b e a temp oral register and indicates which instructions a�ect the condition co de. Marion schedulers

then ensure that the condition co de is set and referenced prop erly .

4.6 T emp oral Sc heduling

Separating pip eline sub-op erations can cause a non-backtracking scheduler to deadlo ck. T o avoid

this, Marion mo di�es the co de DAG b efore scheduling. This section describ es how Marion repre-

sents temp oral information in the co de DAG and shows how deadlo ck can o ccur. It also presents

an algorithm to prevent deadlo ck, given that no chaining (i.e., EAP results fed directly into an-

other EAP) is allowed and proves the algorithm correct. The next section relaxes the restriction

on chaining, gives a mo di�ed algorithm and proves the mo di�ed algorithm correct.

If a co de DAG edge represents a true dep enden ce via a temp oral register based on clo ck k , then

Marion marks it as a temp or al e dge based on k . A sequence of no des connected by temp oral edges

is called a temp or al se quenc e. Each sequence is restricted to have only one head, se qhe ad, and one

tail, se qtail. In addition, a given no de cannot b e a memb er of more than one sequence. These

restrictions are discussed in more detail later in this section.

Intuitively

, a temp oral sequence is a sequence of EAP sub-op erations required to p erform one op eration. The seqhead launches the op eration; the seqtail catches the result. More formally

, let

G = (N ; E ) b e a co de DAG, where N is the set of no des and E is the set of edges b etween no des.

De�nition: Let k b e a clo ck. Let x 2 N such that there is an outgoing temp oral edge

(x; y ) 2 E that is based on k and there is no incoming a temp oral edge (z ; x) 2 E that

is based on k . Recursively de�ne T to b e a temp or al se quenc e b ase d on k:

T =

(

fxg;

T [ fy g; if 9 z 2 T such that (z ; y ) is a temp oral edge based on k

De�nition: Let T b e a temp oral sequence based on k .

se qhe ad (T ) = x such that x 2 T and there is no z such that (z ; x) is a temp oral edge

based on k .

se qtail (T ) = x such that x 2 T and there is no z such that (x; z ) is a temp oral edge

based on k .

De�nition: Let x 2 N .

se qhe ad (x) =

(

seqhead(T ); if x 2 a temp oral sequence T

x, otherwise

se qtail (x) =

(

seqtail(T ); if x 2 a temp oral sequence T

x, otherwise

When the source of a temp oral edge has b een scheduled, but the destination has not, the

scheduler is said to b e sche duling acr oss a temp or al e dge. The temp oral edge indicates that the

v alue it represents is held in a temp oral register and therefore is ephemeral; to prevent the loss of

that v alue the scheduler adheres to the following rule:

Rule 1: If there is a temp oral edge (x; y ) based on clo ck k , and x has b een scheduled,

then an instruction z 6= y that a�ects k may not b e scheduled b efore y , but may b e

packed with y .

If z were scheduled b efore y , the v alue held in the temp oral register would b e lost, b ecause z a�ects

clo ck k . F or example,

M1 d4; d5; M2; M3; FWB d6

forms a temp oral sequence based on clk m. After \M1 d4; d5" is scheduled, the initial sub-op eration

in a similar sequence (e.g., \M1 d7; d8"

) may not b e scheduled b efore M2, but may b e packed with

it, since their resources do not overlap.

After the two sub-op erations are packed together and scheduled, the scheduler will b e scheduling

across two temp oral edges. T o avoid violating Rule 1, all sub-op erations that are destinations of

temp oral edges based on the same clo ck are bundled into a temp or al gr oup. Each temp oral group

is treated as a single instruction to b e scheduled. In e�ect, temp oral grouping pre-packs all sub-

op erations that must b e packed together. Other sub-op erations may then b e packed with a temp oral

group.

Without any co de DAG mo di�cation, Rule 1 can cause the scheduler to deadlo ck. Figure 4.4

gives an example. The edge (M2,M3) is a temp oral edge based on clo ck m. The edge (FWB,M3) is

not a temp oral edge. If M2 is scheduled b efore FWB, the scheduler will deadlo ck. This is b ecause

FWB must precede M3 in the schedule, but FWB a�ects clo ck m. Scheduling FWB would violate

Rule 1, since it would cause M2’s result v alue to b e lost. T o force a schedule that avoids deadlo ck,

"!

#

"!

#

"!

# ?

@

@

@

@

@

@ R

-

temp oral edge based on m

FWB M2

M3 a�ects m

a�ects m a�ects m

Figure 4.4: Scheduling deadlo ck. Without the dashed edge (FWB,M2), M2 may b e scheduled

b efore FWB, causing deadlo ck.

Marion adds the extra co de DAG edge (FWB,M2). (This example has b een simpli�ed from actual

i860 examples.)

The algorithm to add these edges is driven by alternate entries into temp oral sequences. In the

previous example, (FWB,M3) is an alternate entry .

De�nition: Let T b e a temp oral sequence based on k . Let y 2 T such that y 6=

seqhead(T ). (x; y ) 2 E is an alternate entry into T i� x 62 T .

An alternate entry edge is sometimes caused by an anti-dep endence b etween a previous use and

subsequent de�nition of a physical register.

Because of alternate entries, temp oral sequences must b e protected to avoid scheduling deadlo ck.

Intuitively

, to protect a temp oral sequence T based on clo ck k , whenever an alternate entry into

T is found, Marion searches each path backward from the alternate entry

. If an instruction that

a�ects k is found, an edge is added from that instruction (or a memb er of its temp oral sequence) to

the seqhead of T . This ensures that all ancestors of any no de in a temp oral sequence are scheduled

b efore the head of the sequence. Given a top ological sort of the input DAG, these edges are always

forward edges or cross edges, never back edges. Therefore, they cannot cause a cycle in the graph.

The actual algorithm di�ers somewhat.

The remainder of this section describ es the algorithm to protect temp oral sequences and proves

that it avoids scheduling deadlo ck. This algorithm prohibits chaining b etween EAPs, which greatly

simpli�es the pro cess of preventing deadlo ck. The next section relaxes this restriction, gives a

mo di�ed algorithm and proves that it avoids deadlo ck.

Marion places some restrictions on the target machine. The restrictions either re ect the actual

hardware or should have little a�ect on the generated co de. The four restrictions are listed, follo wed

by a discussion:

(1) Although a no de may a�ect more than one clo ck, each temp oral edge is based on

only one clo ck. This means that only a single clo ck may control the latches in an EAP .

(2) No no de may b e a memb er of more than one temp oral sequence. This implies

that no chaining is allow ed and b oth the numb er of incoming temp oral edges (temp or al

fanin) and outgoing temp oral edges (temp or al fanout) are at most one.

(3) The packing restrictions prohibit two no des from di�erent temp oral sequences from

b eing scheduled together only if b oth are the ith no des in their resp ective sequences.

(4) No deadlo ck can o ccur due to general purp ose register usage.

These are not overly restrictive. One clo ck is su�cient to mo del EAP control. Restriction 2

prohibits a common sub expression temp orary from b eing a temp oral register; although this is

p ossible on some architectures, its prohibition should have only minor e�ect on the generated co de.

Restriction 2 also prohibits chaining, but this is relaxed in the next section. In practice, on the

i860, Restriction 3 has b een lib eralized and no di�culty was observed. However, this could b e a

problem for other targets. Restriction 4 is met by requiring anti-dep endence edges to b e added

to the co de DAG for indep ende nt uses of the same physical register [GM86

] or by a scheduling

algorithm that sp eci�cally avoids this kind of deadlo ck [HG83].

The following de�nitions are used in Algorithm 2:

De�nition: Let x 2 N . clks (x) = fk j k is a clo ck and x a�ects k g.

De�nition: Let x; y 2 N . If x

�

! y ,

6

then dist (x; y ) = the numb er of edges on the

path.

De�nition: Let x; y 2 N . Let k b e a clo ck. If x

�

! y such that all edges are temp oral

based on k , then dist

k

(x; y ) = the numb er of edges on the shortest such path.

De�nition: Let x 2 N . sche d

k

(x) is the schedule time of x according to clo ck k .

sche d (x) is the schedule time of x according to primary system clo ck (which de�nes the

pro cessor’s cycles).

Algorithm 2, shown in Figure 4.5, walks the co de DAG in reverse top ological order. Whenever

it �nds an alternate entry (y ; x) into a temp oral sequence T based on k , it adds x to a list asso ciated

with y . The lists are propagated backwards through the DAG until a no de z is found that a�ects

some clo ck. Then, an edge is added from z (or a memb er of z ’s temp oral sequence) to se qhe ad (T ).

The algorithm uses temp oral sequence distances to determine where to add edges. F or example,

in Figure 4.6(a), the temp oral sequence A is longer than the sequence B ; b oth are based on clo ck

a and all instructions a�ect a. The algorithm adds the dotted edge (A2,B1). If the edge (A1,B1)

were added instead, deadlo ck could o ccur as follows: A2 and B1 are scheduled together; then, A3

and B2 must b e scheduled together; but then, A4 cannot b e scheduled without losing B3’s op erand.

If the source of an alternate entry (y ; x) into a sequence S a�ects a di�erent clo ck than the S ’s

clo ck, then the algorithm adds an edge from y , instead of seqhead(y ), as shown in Figure 4.6(b).

This avoids another pitfall. F or example, given the four sequences in Figure 4.6, if sequence B were

based on clo ck b and neither dotted edge were present, then B2 and D2 could b e scheduled b efore

either A4 or C4, causing deadlo ck.

The algorithm has a worst case b ehavior of O (ne), where n = jN j and e = jE j. Each list x:l ist

is kept in order (according to co de thread order) and no duplicates are allowed; therefore, a list

has at most n items. This implies that adding a list item takes O (n), but so do es merging two

lists. Therefore, the total propagation time over a given DAG is O (ne). Since the propagation time

dominates, the worst case b ehavior is O (ne).

6

Notation: x

�

! y means that there is a path in the co de DAG of length zero or more from x to y . x

+

! y

means that there is a path of length one or more.

Algorithm 2: pr ote ct temp or al se quenc e

Input: co de DAG G = (N ; E )

Output: mo di�ed co de DAG

De�ne foreach x 2 N :

x:l ist = an initially empty list of pairs (y ; d), such that y 2 N and d is a distance

Metho d:

foreach x 2 N (in revers e co de thread order)

if j clks(x) j > 0

foreach (y ; d) 2 x:l ist

let k = the clo ck on which y ’s temp oral sequence is based

if 9 j 2 clks(x) such that j 6= k then

add edge (x,seqhead(y )) to E

elseif dist

k

(seqhead(x); x) � d then

add edge (seqhead(x),seqhe ad(y )) to E

else

let w = (dist

k

(seqhead(x); x) � d + 1)th no de in x’s temp oral sequence

add edge (w ,seqhead(y ) ) to E

endif

remove (y ; d) from x:l ist

endfor

endif

foreach y 2 predeces sors (x)

if (y ; x) is an alternate entry into a temp oral sequence T then

add (x; dist

k

(seqhead (x); x)) to y :l ist

else

foreach (z ; d) 2 x:l ist

add (z ; d) to y :l ist

endfor

endif

endfor

endfor

Figure 4.5: Algorithm protect temp oral sequence to add co de DAG edges to protect temp oral

sequences. The algorithm �nds alternate entries and propagates their lo cations backwards through

the DAG until the appropriate no de is found to b ecome the source of a new edge.

Now I show that the co de DAG output by Algorithm 2 avoids deadlo ck. During scheduling, a

no de is either sche dule d or unsche dule d. An unscheduled no de with no unscheduled predecessors

is considered to b e r e ady. Op eration latency is not considered here, since no-ops can always b e

scheduled until any r e ady no de can b e scheduled without causing a delay .

Since all no des in a temp oral sequence are consecutive in the co de thread and since for every

edge (x; y ) added by the algorithm, x precedes y in the co de thread, the algorithm creates no cycles

in the output graph G. Therefore, until every no de is scheduled, there must b e some ready no de.

The pro of shows that, assuming some DAG no de has not b een scheduled, the scheduler can always

pro ceed by �nding a no de to schedule. The fo cus is on the set P of temp oral edges across which

the scheduler is scheduling:

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

.

.

.

.

.

R

.

.

.

.

.

.

?

?

?

?

?

?

?

?

?

?

@

@

@

@ R

?

@

@

@

@ R

?

a a a a a

a a a a

a a a

B3

B2

B1

A4

A3

A2

A1

a a a a a

b b

b b b b b

C1

C2

C3

C4

D3

D2

D1

(b) (a)

Figure 4.6: Alternate entries into temp oral sequences. (a) A long temp oral sequence A has

an alternate entry into a short temp oral sequence B . (b) T emp oral sequence D is based on clo ck a.

The source of the alternate entry into D is based on a di�erent clo ck, clo ck b. Algorithm 2 adds

the dotted edges to avoid deadlo ck.

P = f(x; y ) j (x; y ) 2 E is a temp oral edge and x is scheduled and y is unscheduledg.

Lemma 1 states that if the destination of every temp oral edge in P is ready

, then some or all of

the no des can b e group ed and scheduled.

Lemma 1: If 8 (x; y ) 2 P , y is ready

, then the scheduler can pro ceed.

Pro of: If j P j = 0 then any ready no de can b e scheduled.

Let jP j > 0. Since 8 (x; y ) 2 P , y is ready

, all such no des can b e group ed together and

the group can b e scheduled. 2

Lemma 2 states that if the destination of a temp oral edge (x; y ) 2 P is not ready

, then some ancestor

of y can b e scheduled. In this case y must b e an alternate entry p oint. The pro of partitions all

ready ancestors of the alternate entry into two sets: those that a�ect some clo ck and those that

a�ect none. Then, it proves by contradiction that the former set is empty; if no de u a�ects some

clo ck, then either it must b e an ancestor of seqhead(x), which leads to a contradiction, or it must

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

@

@

@

@

@

@ R

?

?

?

-

?

?

?

seqhead(v)

w

u

v

z

y x

k k seqhead(y)

*

*

* *

*

Figure 4.7: Lemma 2 example. If u a�ects some clo ck, then Algorithm 2 adds the dashed edge

(w ; seqhead(y )). Since seqhead(y ) and x are scheduled, u is also scheduled. The symb ol \*" means

there are zero or more edges along this path.

b e part of another temp oral sequence T . In the latter case, w 2 T such that w

�

! seqhead(y ),

which also leads to a contradiction, b ecause no des b etween w and u must b e scheduled in lo ck step

with no des b etween seqhead(y ) and y and the distance b etween w and u must b e less than or equal

to the distance b etween seqhead(y ) and y . (See Figure 4.7.)

Lemma 2: If 9 (x; y ) 2 P such that y is not ready and 9 (z ; y ) 2 E such that (z ; y ) is

not a temp oral edge and z is unscheduled, then 9 u 2 N such that u

�

! z and u can b e

scheduled.

Pro of: Let T b e the temp oral sequence such that y 2 T .

Let A = fu j u

�

! z and u is ready and j clks(u) j = 0g. Let B = fu j u

�

! z and u is

ready and j clks(u) j > 0g. Clearly A [ B 6= ;.

Show A 6= ; by contradiction. Assume A = ;. This implies B 6= ;. Let u 2 B . Let

v 2 N b e the last no de that a�ects some clo ck on the path u

�

! v

�

! z . Since (z ; y ) is an

alternate entry into T , then from Algorithm 2, there is an edge (w ;seqhead(y )) 2 E such that seqhead(v )

�

! w

�

! v . Since seqhead(y )

�

! x ! y and x is scheduled, seqhead(y )

is scheduled. Therefore w is scheduled. If for all temp oral sequences S , v 62 S , then

v = w . But, since v is unscheduled, v 6= w . Therefore, there is a temp oral sequence S

such that v ; w 2 S . Now, if T and S are based on di�erent clo cks, then v = w (from

Algorithm 2). Therefore, T and S are based on the same clo ck k . This implies that

after seqhead(y ) is scheduled, no des from T and S are scheduled in lo ck step according

to clo ck k . Now, from Algorithm 2,

dist

k

(w ; v ) � dist

k

(w ; z ) � dist

k

(seq head(y ); y ):

Therefore,

sched

k

(x) = sched

k

(seqhead(y )) + dist

k

(seqhead(y ); y ) � 1

� sched

k

(seqhead(y )) + dist

k

(w ; v ) � 1

� sched

k

(w ) + 1 + dist

k

(w ; v ) � 1

� sched

k

(w ) + dist

k

(w ; v )

� sched

k

(v )

This implies that sched (x) � sched(v ). Since x is scheduled, then v is scheduled.

N

7

Therefore A 6= ;. Since u 2 A implies that u a�ects no clo cks, u can b e scheduled. 2

Theorem 1 uses the two lemmas to show that the scheduler avoids deadlo ck.

Theorem 1: Given the output of Algorithm 2, the scheduler will not deadlo ck.

Pro of: Assume 8 (x; y ) 2 P ; y is ready

. By Lemma 1 the scheduler can pro ceed.

Assume 9 (x; y ) 2 P such that y is not ready

. This implies 9 (z ; y ) 2 E such that z is

unscheduled. Since temp oral fanin � 1; (z ; y ) is not temp oral. Therefore, by Lemma 2,

the scheduler can pro ceed.

Therefore, the scheduler will not deadlo ck. 2

4.7 T emp oral Sc heduling with Chaining

Chaining o ccurs when a pip eline sends its result directly to its own input or to another pip eline’s

input without using a general purp ose register to hold the intermediate v alue. This section discusses

chaining, presents a mo di�ed algorithm to protect temp oral sequences and proves that the mo di�ed

algorithm avoids deadlo ck.

Marion mo dels chaining by intro ducing sub-op erations that explicitly feed v alues from one

pip eline to another. The co de selector pro duces these sub-op erations by matching patterns in the

order sp eci�ed by the compiler writer. F or example, Figure 4.8 shows a sp eci�cation of several add

pip eline instructions for the i860. The A1m instruction takes one op erand from the register set

and one from the multiply pip eline latch m3. (The multiply instructions are shown in Figure 4.3.)

Thus, the expression \d9 = d6 � d7 + d8" yields the following co de sequence:

M1 d6; d7; M2; M3; A1m d8; A2; A3; FWBa d9.

The sub-op eration names and resource names have no implicit meaning. All of the inter-pip estage

movement is captured by the temp oral registers.

7

The

N

symb ol represe nts contradiction.

%instr Aam d (double ; clk a, clk m) =* L aunch add *=

fa1 = a3 + m3;g =* op er ands: fr om adder,multiplier *=

[A1] (1,1,0)

%instr A1m d (double ; clk a, clk m) =* L aunch add *=

fa1 = $1 + m3;g =* op er ands: fr om r e g,multiplier *=

[A1] (1,1,0)

%instr A1 d, d (double ; clk a) =* L aunch add *=

fa1 = $1 + $2;g =* op er ands: fr om r e gs *=

[M1] (1,1,0)

%instr A2 (double ; clk a) =* A dvanc e add thru stage 2 *=

fa2 = a1;g

[M2] (1,1,0)

%instr A3 (double ; clk a) =* A dvanc e add thru stage 3 *=

fa3 = a2;g

[M3] (1,1,0)

%instr FWBa d (double ; clk a) =* Catch add r esult *=

f$1 = a3;g

[FWB] (1,1,0)

Figure 4.8: Instructions for the i860 add pip eline. Instruction A1m takes an op erand from

the multiply pip eline. Instruction Aam takes one op erand from the add pip eline and the other from

the multiply pip eline. T emp oral registers a1, a2 and a3 represent the latches in the add pip eline.

T o supp ort chaining, the restriction that no no de may b e part of more than one temp oral

sequence is removed. This allows temp oral fanin to b e greater than one, but temp oral fanout is

still restricted to b e less than or equal to 1. If a no de x has two incoming temp oral edges, then it

is part of a temp oral tree. Intuitively

, a temp or al tr e e is a subgraph of the co de DAG such that all

no des are connected by temp oral edges. Since temp oral fanout is still at most 1, the subgraph is a

tree. More formally ,

De�nition: Let R and S b e temp oral sequences. T = R [ S is a p artial temp or al tr e e

i� seqtail(R) 2 S or seqtail(S ) 2 R. R is a temp or al tr e e i� either (1) T is a partial

temp oral tree and there is no temp oral sequence V such that either seqtail(V ) 2 T or

seqtail(T ) 2 V , or (2) T is a temp oral sequence and 9 x 2 T such that jclks(x)j > 1.

De�nition: Let T b e a temp oral tree. entries (T ) = fx j x 2 T and there is no edge

(z ; x) 2 E such that (z ; x) is a temp oral edgeg. Let y 2 T . entries (y ) = fx j x 2

entries(T ) and x

�

! y such that all no des on the path are memb ers of T g.

De�nition: Let T b e a temp oral tree. Let x 2 T . x is a mer ge p oint i� x has temp oral

fanin > 1 or jclks(x)j > 1 or there are temp oral sequences S and T such that S 6= T

and x 2 S and x 2 T .

De�nition: Let T b e a temp oral tree. clks (T ) = fk j 9 x 2 T such that k 2 clks(x)g.

De�nition: Let S and T b e temp oral trees. S pr e c e des T i� 8x 2 S and 8y 2 T , x

precedes y in the co de thread.

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

S

S w

?

?

�

�

�

S

S w

�

�

S

S w

?

�

�

a

a a a

a

a

A3

A2

A1

m m m

M1

M2

M3

Aam

A2

A3

FWBa

Figure 4.9: Example temp oral tree. No des A1 through FWBa form a temp oral sequence based

on clo ck a. No des M1 through Aam form a temp oral sequence based on clo ck m. T ogether the

two temp oral sequences form a temp oral tree with a merge p oint Aam. No des A1 and M1 are the

entries into the temp oral tree.

De�nition (mo di�ed): Let x 2 N . Let R; S b e temp oral sequences.

se qhe ad (x) =

8

>

<

>

:

seqhead (S ); if x 2 R and x 2 S and seqtail(R) 2 S

seqhead (R); if x 2 R

x, otherwise

se qtail (x) =

8

>

<

>

:

seqtail(R); if x 2 R and x 2 S and seqtail(R) 2 S

seqtail(R); if x 2 R

x, otherwise

Figure 4.9 shows a temp oral tree that contains two temp oral sequences. The no de Aam is a merge

p oint; it takes one op erand directly from the add pip eline and the other directly from the multiply

pip eline. The edge (M3,Aam) is an alternate entry into the temp oral sequence that is based on

clo ck a.

Overlapping the execution of temp oral trees is di�cult. One metho d I considered is the fol-

lowing: require every entry of a temp oral tree to b e scheduled b efore any entry of the next tree.

However, this will not prevent deadlo ck if temp oral sequences based on a given clo ck di�er in length.

A merge p oint in one tree may b e waiting for no des dep endent on clo ck j to b e scheduled, while

clo ck k is not p ermitted to tick; another tree may b e waiting for no des dep endent on clo ck k to b e

scheduled, while clo ck j is not p ermitted to tick.

Therefore, I chose to force any two temp oral trees that have some clo ck in common to b e wel l

or der e d. This means that all merge p oints of the �rst tree must b e scheduled b efore any entry of

the second tree. Marion enforces this by adding co de DAG edges as follows:

Let S and T b e two temp oral trees such that,

(1) clks(S ) \ clks(T ) 6= ;,

(2) S precedes T , and

(3) there is no temp oral tree R such that S precedes R and R precedes T and either

clks(S ) � clks(R) or clks(R) � clks(T ).

Let x b e the last merge p oint in S . Then 8 y 2 entries(T ), add edge (x; y ) to E .

T o prevent these additional edges from creating cycles in the graph, the co de selector ensures that

temp oral trees are not nested by ev aluating all sub expressions of temp oral tree entries b efore any

part of the temp oral tree itself.

T emp oral trees complicate the protection of temp oral sequences. Algorithm 3, shown in Fig-

ure 4.10, is a mo di�cation of Algorithm 2. It accommo dates alternate entries into a temp oral

sequence that is part of a temp oral tree. Other temp oral sequences are handled as in Algorithm 2.

Within a temp oral tree each new edge that is added b ecause of an alternate entry (z ; y ) has a des-

tination that is a memb er of the set of entries(seqhead(y )), instead of seqhead(y ). If the alternate

entry is itself part of the same temp oral tree, the source of the new edge is an ancestor of that

sequence. The worst case b ehavior of Algorithm 3 is the same as the that of Algorithm 2, O (ne).

Now I show that, given a co de DAG G = (N ; E ) output by Algorithm 3, the scheduler avoids

deadlo ck. Again, the pro of fo cuses on the set P of edges across which the scheduler is scheduling.

P = f(x; y ) j (x; y ) 2 E is a temp oral edge and x is scheduled and y is unscheduledg.

Both Lemmas 1 and 2 still hold, b ecause they consider cases that are una�ected by the mo di�cations

to the algorithm or by the presence of temp oral trees. Lemma 3 considers edges whose destinations

are temp oral tree merge p oints. It argues that if two such edges are in P , their asso ciated trees

may not a�ect any clo ck in common. Two such edges in P cannot b e part of the same temp oral

tree, b ecause merge p oints are also alternate entry p oints; Algorithm 3 in e�ect orders alternate

entry p oints within the same temp oral tree. Two such edges cannot b e in separate trees, if those

trees a�ect some clo ck in common, b ecause temp oral trees that a�ect some clo ck in common are

well ordered.

Lemma 3: Let Q = f(x; y ) 2 P j there is a temp oral tree T such that y 2 T and y is

a merge p ointg. Let S and T b e temp oral trees. If (x; y ); (x

0

; y

0

) 2 Q and y 2 S and

y

0

2 T , then S 6= T and clks(S ) \ clks(T ) = ;.

Pro of: Let (x; y ); (x

0

; y

0

) 2 Q and y 2 S and y

0

2 T .

Algorithm 3: pr ote ct temp or al se quenc e

Input: co de DAG G = (N ; E ); Output: mo di�ed co de DAG G

De�ne foreach x 2 N : x:l ist = list of tuples (h; k ; d; S ): 9z ; y such that x

�

! z ! y

and z ! y is an alternate entry into a sequenc e based on k ;

h is seqhead(y ); d = dist

k

(h; y ); S is the temp oral

sequenc e that contains z and y , if such a sequenc e exists.

x:or der = the top ological order numb er.

Metho d:

foreach x 2 N (in revers e top ological order)

if j clks(x) j > 0

foreach (h; k ; d; S ) 2 x:l ist

if x:or der < h:or der and (x is a merge p oint or x 62 S )

and (x; h 62 the same temp oral tree or x is not an ancestor of h) then

if 9 j 2 clks(x) such that j 6= k or x is a merge p oint then

let w = x

elseif dist

k

(seqhead (x); x) � d then

let w = seqhead(x)

else

let w = (dist

k

(seqhead (x); x) � d + 1)th no de in x’s sequenc e

endif

if y 2 a temp oral tree T then

foreach z 2 entries(h), add edge (w ; z ) to E ; endfor

else add edge (w ; h) to E

endif

remove (h; k ; d; S ) from x:l ist

endif

endfor

endif

foreach y 2 predeces sors (x)

if (y ; x) is an alternate entry into a temp oral sequence T based on k then

if y ; x 62 the same temp oral tree or :(y

+

! v ), where v 2 T ; v ! x then

if 9 a temp oral sequenc e S such that y ; x 2 S then

add (seqhead (x); k ; dist

k

(seqhead (x); x); S ) to y :l ist

else

add (seqhead (x); k ; dist

k

(seqhead (x); x); ;) to y :l ist

endif

endif

else

foreach (z ; k ; d; S ) 2 x:l ist

if jclks(x)j = 0 or y 2 S then add (z ; k ; d; S ) to y :l ist

else add (z ; k ; max(0; d � 1); S ) to y :l ist

endif

endfor

endif

endfor

endfor

Figure 4.10: Mo di�ed algorithm protect temp oral sequence.

First, show that S 6= T by contradiction. Assume S = T . Assume, without loss of

generality

, that y precedes y

0

in the co de thread.

Case 1: Let y

+

! y

0

. y cannot b e an ancestor of x

0

, b ecause x

0

is scheduled and y is not

scheduled. Therefore, 9 z 2 N such that y

+

! z ! y

0

and z ! y

0

is an alternate entry

into a temp oral sequence R, where x

0

; y

0

2 R. But from Algorithm 3, since y is a merge

p oint, y

+

! x

0

.

N

Case 2: 9 s 2 S such that y

�

! s and y

0

�

! s. Let r; r

0

2 S such that y

�

! r ! s

and y

0

�

! r

0

! s. (r; s) is an alternate entry into some temp oral sequence R such that

r

0

; s 2 R. Therefore, from Algorithm 3, 9 w 2 N such that w

�

! r and w

�

! x

0

. Since y

is a merge p oint, y

�

! w

�

! r . Therefore, y

�

! x

0

. Since x

0

is scheduled, y is scheduled.

N

Therefore, S 6= T .

Now, show clks(S ) \ clks(T ) = ; by contradiction. Assume clks(S ) \ clks(T ) 6= ;. Let

S precede T . y is a merge p oint of S . Since temp oral trees whose clo cks overlap are

well ordered, 8v 2 entires(T ), y

+

! v . Therefore, y

+

! x

0

. Since x

0

is scheduled, y is

scheduled.

N

Therefore, clks(S ) \ clks(T ) = ;. 2

Theorem 2 shows that the scheduler will not deadlo ck, given the output of Algorithm 3. First,

the cases covered by Lemmas 1 and 2 are considered. Then, the case is considered where for all

(x; y ) 2 P such that y is not ready

, y is a merge p oint of a temp oral tree T . There must b e some

unscheduled z such that z ! y and some ancestor v of z must b e ready

. There are two sub cases.

First, if v is in z ’s temp oral sequence, then v can b e group ed with other no des and scheduled,

b ecause for all (x

0

; y

0

) 2 P , either y

0

is ready or y

0

is a merge p oint of a temp oral tree none of whose

clo cks overlap with T ’s clo cks. Second, if v

+

! seqhead(z ), then v a�ects no clo cks and, therefore,

can b e scheduled. This argument is similar to the pro of of Lemma 2.

Theorem 2: Given the output of Algorithm 3, the scheduler will not deadlo ck.

Pro of: If 8 (x; y ) 2 P ; y is ready

, then by Lemma 1, the scheduler can pro ceed.

Let (x; y ) 2 P such that y is not ready

. Then 9 (z ; y ) 2 E such that z is unscheduled.

Let (z ; y ) b e non-temp oral. By Lemma 2, 9 u 2 N such that u

�

! z and u can b e

scheduled.

Now, 8 (x; y ) 2 P such that y is not ready

, let (z ; y ) 2 E b e temp oral. Therefore, y is

a merge p oint. Let T b e a temp oral tree such that x; y ; z 2 T . There are two cases.

Case 1: 9 v 2 N such that v is ready and seqhead(z )

�

! v

�

! z . Let k b e the clo ck

on which (x; y ) is based. (z ; y ) must b e based on some clo ck j 6= k . By Lemma 3, z

cannot b e a merge p oint. Therefore, there is a temp oral sequence R based on j such

that v ; z 2 R and k 62 clks(v ). By Lemma 3, there is no edge (x

0

; y

0

) 2 P such that

y

0

is a merge p oint of a temp oral tree S and clks(S ) \ clks(T ) 6= ;. F urthermore,

8 (x

0

; y

0

) 2 P , either y

0

is ready and not a merge p oint or y

0

is a memb er of a temp oral

tree S such that clks(S ) \ clks(T ) = ;. Therefore, 8 (x

0

; y

0

) 2 P such that clks(y

0

) \

clks(v ) 6= ;; y

0

can b e group ed with v and the group can b e scheduled.

Case 2: 9 v such that v is ready and v

+

! seqhead(z ). If v 2 T , then seqhead(z ) is a merge

p oint. Therefore, by Algorithm 3, seqhead(z )

�

! x. But seqhead(z ) is unscheduled and

x is scheduled. Therefore, v 62 T . Let k b e the clo ck on which (x; y ) is based. Let S

b e a temp oral sequence such that x; y 2 S . If 9 j 2 clks(v ) such that j 6= k , then, from

Algorithm 3, v

+

! x, b ecause (z ; y ) is an alternate entry into S . But v is unscheduled

and x is scheduled. Therefore, either jclks(v )j = 0 or clks(v ) = fk g.

Show clks(v ) 6= fk g by contradiction. Assume clks(v ) = fk g. Since k 2 clks(v ); 9 w 2 N

such that seqhead(v )

�

! w

�

! v and w

�

! x (b ecause Algorithm 3 adds an edge from

w to an ancestor of seqhead(y )). If v = w , then w is unscheduled. But x is scheduled.

Therefore, v 6= w . This implies that there is a temp oral sequence R such that w ; v 2 R

and R and S are b oth based on k . This implies that after seqhead(y ) is scheduled,

no des from S and T are scheduled in lo ck step according to k . Now, from Algorithm 3,

dist

k

(w ; v ) � dist

k

(w ; seqtail

(v )) � dist

k

(seqhead (y ); y ):

Therefore,

sched

k

(x) = sched

k

(seqhead(y )) + dist

k

(seqhead(y ); y ) � 1

� sched

k

(seqhead(y )) + dist

k

(w ; v ) � 1

� sched

k

(w ) + 1 + dist

k

(w ; v ) � 1

� sched

k

(w ) + dist

k

(w ; v )

� sched

k

(v )

This implies that sched (x) � sched(v ). Since x is scheduled, then v is scheduled.

N

Therefore, j clks(v ) j= 0. This implies that v can b e scheduled.

Therefore, the scheduler will not deadlo ck. 2

4.8 Sc heduling for the i860

The machine description for the i860 uses all of the features describ ed, including classes, class

elements and clo cks. (See App endix D for the complete machine description.) As discussed in

Section 4.5, Marion mo dels the i860 FPU as a long instruction word pro cessor. Eight �elds in

the long instruction word corresp ond to the FPU pip estages: three for the adder, three for the

multiplier, one for the oating p oint write-back bus and one for the sp ecial T register, which holds

a v alue in b etween the multiplier and the adder.

M1 M2 M3 A1 A2 A3 FWB T

Figure 4.11 shows the simpli�ed i860 FPU datapath diagram on which the machine description

is based. Both the add and multiply pip elines have three stages, which are represented by b oxes; the

stages are separated by latches, which are represented by ov als. The dashed lines show the clo cks

that control the latches. T o launch b oth an add and a multiply with one instruction, four source

and two destination op erands are needed, but only three op erands, sr c1 , sr c2 and r dest, are general

purp ose registers; the others come from chaining the pip elines together or from sp ecial registers.

Marion supp orts the sp ecial T register, which feeds the adder, but not the KR and KI sp ecial

6

6

6

�

?

? ?

?

?

?

?

?

-

?

? ? ? ?

?

?

�

�

� �

�

�

?

-

�

�

-

6

?

?

?

-

?

�

�

�

?

?

?

�

6 6

�

�

?

-

�

�

�

-

6 6

-

�

�

�

�

�

�

�

�

�

mux mux mux mux t src2 src1

T

A1 M1

m1 a1

A2 M2

M3 m2

A3 a2

mux mux

mux a3

a m m3

FWB

rdest

Figure 4.11: Marion’s view of the i860 FPU data path. The dashed lines show the clo cks

that control the explicitly adv anced pip elines. The T register is a latch that is indep endent of b oth

pip elines; consequently

, it has its own clo ck. Marion do es not use the KR and KI registers, which

are not shown is this diagram.

registers, which feed the multiplier. The T register is loaded by the multiplier result; therefore,

if an expression adds the result of two multiplies, using the T register is clearly adv antageous.

The KR and KI registers, however, are loaded only from general purp ose oating p oint registers;

therefore, the pro�tabilit y of using them dep ends on the usage context. It may b e p ossible for

the co de selector to identify cases that use KR or KI, but I have not investigated these cases. An

example where KR or KI could b e used is to hold a lo op inv ariant v alue that is multiplied by an

array element on each iteration of the lo op.

Not all of the combinations of add and multiply sources and destinations are supp orted by

the i860 architecture. T o enforce the necessary restrictions, all legal long instruction words are

de�ned to b e class elements. Asso ciated with each individual sub-op eration, such as A1 or M2, is

a class; the class contains the elements (long instruction words) of which the sub-op eration could

b e a part. Figure 4.12 shows the i860 machine description class and element declarations. The

instructions pfadd and pfmul are long instruction words that adv ance a single pip eline. The \X"

mnemonics represent long instruction words that adv ance b oth pip elines.

8

(See Figure 4.12 for the

\X" mnemonic key

.) After the \X" the �rst two character p ositions sp ecify the multiplier’s inputs,

the next two the adder’s inputs. The next character p osition indicates the adder’s op eration (‘p’

means add, ‘s’ means subtract). The next p osition indicates which pip eline result is written to the

result register. The last two characters are optional and sp ecify that one or more of the sp ecial

registers is loaded. F or example, consider the X12tapat instruction: source registers sr c1 and sr c2

are fed to the multiplier; an add op eration is initiated with inputs from T and the adder result a3;

a3 is sent to the result register r dest; and T is loaded with the output of the multiplier.

The i860 machine description declares the adder and multiplier latches (a1 � a3 and m1 � m3)

and the T register to b e temp oral registers. The sub-op erations that comp ose EAP op erations

are declared as individual instructions. (See Figures 4.3 and 4.8.) The co de selector pro duces

these sub-op erations, from which a co de DAG containing temp oral sequences and temp oral trees

is constructed. Marion schedules instructions using Algorithm 3 for temp oral scheduling with

chaining. The restrictions discussed in Section 4.7 all hold, except that there are additional packing

restrictions, due to contention for FWB. F ortunately

, this do es not cause deadlo ck, b ecause if FWB

is needed by two instructions, then neither can b e a merge p oint (since the write-back stage takes

only one input) and they must b e dep endent on di�erent clo cks (otherwise they would b e ordered

by Algorithm 3).

Figure 4.13 shows the co de pro duced by the Marion i860 compiler, using a Postpass strategy

, for

a sample C program fragment. The �rst instruction launches the multiply

. The second adv ances the

multiply pip eline and launches an add. The third adv ances b oth pip elines and launches another

add. The fourth instruction adv ances the add pip eline while the multiply pip eline waits. The

�fth launches another add, taking inputs directly from the add and multiply pip eline results. The

remaining instructions drain the add pip eline.

4.9 Ev aluation of T emp oral Sc heduling

Why do es Marion supp ort EAPs with temp oral scheduling? An EAP could b e treated as a \normal"

pip eline, so that once an op eration is launched, it adv ances through the pip eline on every cycle.

8

These mnemonics are close to those given by Intel [Int89], but are easier to interpret than Intel’s.

%element pfadd (clk a); =* add *=

%element pfmul (clk m); =* multiply *=

=* multiply and add=sub c ombinations *=

%element Xr21mpa (clk a, clk m);

%element Xr2tmpar (clk a, clk m);

%element Xr21apat (clk a, clk m, clk t);

%element Xr2tapart (clk a, clk m, clk t);

%element Xra12part (clk a, clk m, clk t);

%element X12ampa (clk a, clk m);

%element Xra12par (clk a, clk m);

%element X12tapat (clk a, clk m, clk t);

%element X12tmpa (clk a, clk m);

%element X12tapa (clk a, clk m);

%element Xr21mpm (clk a, clk m);

%element Xr2tmpmr (clk a, clk m);

%element Xr21mpmt (clk a, clk m, clk t);

%element Xr2tmpmrt (clk a, clk m, clk t);

%element Xrm12pmt (clk a, clk m, clk t);

%element X12mmpm (clk a, clk m);

%element Xrm12pm (clk a, clk m);

%element X12tmpmt (clk a, clk m, clk t);

%element X12tmpm (clk a, clk m);

%class M1 fpfmul, X12@@@@*g; =* m1 = $1 * $2 *=

%class M2 fpfmul, X*g; =* m2 = m1 *=

%class M3 fpfmul, X*g; =* m3 = m2 *=

%class Rm fpfmul, X@@@@@ m*g; =* $3 = m3 *=

%class A1 fpfadd, X@@12p@*g; =* a1 = $1 + $2 *=

%class A1m fX@@1mp@*g; =* a1 = $1 + m3 *=

%class Atm fX@@tmp@*g; =* a1 = t + m3 *=

%class A2 fpfadd, X*g; =* a2 = a1 *=

%class A3 fpfadd, X*g; =* a3 = a2 *=

%class Ra fpfadd, X@@@@@ a*g; =* $3 = a3 *=

%class Tld fX@@@@@@*tg; =* t = m3 *=

X mnemonic key

Position Meaning Character Meaning

1 Mul opnd 1 r KR (placeholder only)

2 Mul opnd 2 t T

3 Add opnd 1 1 src1

4 Add opnd 2 2 src2

5 Adder op eration p add

6 rdest from s subtract

7-8 Sp ecial reg loads a from Adder

m from Multiplier

Figure 4.12: Element and class declarations for the i860. An element directive indicates which

clo cks the element a�ects. Class memb ers take simple regular expressions, where \@" matches any

single character and \*" matches any string of zero or more characters.

C fragment

a = (x + b) + (a � x);

return (y + x);

Cycle i860 instruction Remarks

0 pfmul.s a,x,f0 m1 a � x

1 rat1p2.s x,b,f0 a1 x + b

m2 m1

2 rat1p2.s y

,x,f0 a2 a1

m3 m2

a1 y + x

4 pfadd.s f0,f0,f0 a3 a2

a2 a1

5 m12apm.s f0,f0,f0 a1 a3 + m3

a3 a2

6 pfadd.s f0,f0,r r a3

a2 a1

7 pfadd.s f0,f0,f0 a3 a2

8 pfadd.s f0,f0,a a a3

Figure 4.13: Co de pro duced by the Marion i860 Postpass compiler. The r emarks column

shows the op erations that each instruction p erforms. The v ariables a, b, x and y are in oating

p oint registers. The v ariable r represents the return v alue register. T emp oral registers a1-a3 and

m1-m3 represent latches in the oating p oint add and multiply pip elines, resp ectively

. On cycle 5

the add pip eline takes inputs from the multiply and add pip eline outputs.

However, this reduces scheduling opp ortunities, b ecause sub-op erations can b e scheduled where

complete op erations cannot. In addition, chaining sometimes requires one pip eline to \wait" for

another to catch up.

Given sub-op erations, some form of temp oral scheduling is necessary to keep track of interme-

diate v alues in the pip eline. Marion’s approach is to protect temp oral sequences b efore scheduling,

so that deadlo ck cannot o ccur. This avoids backtracking and reliance on the register allo cator,

and removes the burden of temp oral scheduling from the scheduling algorithm and co de generation

strategy .

An alternative to temp oral scheduling with chaining is to allow the scheduler to chain \on the

y" whenever p ossible. The register that represents the \link" in the chain can b e freed and reused.

T ouzeau uses this approach in the FPS-164 F ortran Compiler [T ou84], but b ecause it requires the

sche duler to manipulate chains and to p erform lo cal register allo cation, it is not exible enough for

Marion’s di�erent co de generation strategies.

Cohn et al. [CGL

T89] faced a similar problem with implicit r e gisters on the iW arp pro cessor.

Implicit registers are like Marion’s temp oral registers: they represent latches at the heads or tails

of memory queues and allow v alues from memory to b e fed directly into oating p oint op erations

and vice versa. The iW arp compiler groups no des in the co de DAG that are connected by implicit registers; the DAG is mo di�ed so that the set of edges to/from the no de group is the union of the

edges to/from the individual no des in the group. If this causes a cycle, then the group is broken

and op erations are added to copy the implicit register into an explicit register. T o schedule a group,

the scheduler �nds a legal schedule for all no des in the group.

Davidson, Landskov et al. [LDSM80, DLSM81] allow two micro-op erations (a pro ducer and a

consumer) to b e connected by a delay c onstr aint via a resource; this means that the consumer

micro-op eration must b e scheduled at least delay cycles after the pro ducer and the resource must

not b e used by another micro-op eration. The resource is analogous to a temp oral register. They

do not indicate how to handle a sequence of such op erations.

Backward scheduling, in which instructions are scheduled from the end of the basic blo ck to the

b eginning, could b e adv antageous for temp oral scheduling with chaining. Because temp oral fanout

is at most one, merge p oints e�ectively b ecome fork p oints, which would not cause scheduling prob-

lems. However, the scheduler would still have to handle alternate entries. I have not investigated

this approach.

T emp oral scheduling allows sub-op erations to b e separated in the schedule and supp orts chain-

ing b etween EAPs. However, to ensure correctness, a non-backtracking scheduler must b e con-

strained by additional co de DAG edges. I have not compared temp oral scheduling with the metho ds

used by the iW arp compiler or the FPS-164 F ortran compiler. The additional co de DAG edges re-

quired for temp oral scheduling constrain the scheduler, but the separation of sub-op erations gives it

more freedom. More study is needed to understand how much b ene�t temp oral scheduling provides

relative to its complexity .

4.10 Summary

This chapter has describ ed Marion’s instruction scheduling mechanisms. A lab eled co de DAG

incorp orates op eration latencies, memory reference order requirements and, for some co de gener-

ation strategies, restrictions on register use order. Resource vectors enable the scheduler to avoid

structural hazards.

T emp oral scheduling supp orts explicitly adv anced pip elines, but additional DAG edges are

required to avoid scheduling deadlo ck. Adding DAG edges separates temp oral scheduling supp ort

from the scheduling algorithm, enabling Marion to embrace many algorithms. T emp oral scheduling

is also useful for machines with condition co de registers.

60

Chapter 5

Metho dology

This chapter describ es the metho dology used to compare co de generation strategies and to examine

the e�ect of architectural features on p erformance. Both studies use the same workload and mea-

surement criteria. Metho dological asp ects that are sp eci�c to only one of the studies are discussed

with that study .

5.1 W orkload

The workload is comp osed primarily of oating p oint intensive b enchmarks and applications, but

also includes integer co de. Many of the programs contain large basic blo cks and an extensive use

of multi-cycle op erations. Because large blo cks have a high degree of instruction-level parallelism

and multi-cycle op erations can cause long pip eline delays, this workload readily exp oses di�erences

among co de generation strategies and architectural features that a�ect instruction scheduling. This

workload is imp ortant b ecause (1) many computation-intensive scienti�c programs fall into this

category and (2) techniques that increase instruction-level parallelism, either by increasing basic

blo ck size, such as lo op unrolling [DJ79] and trace scheduling [Fis81], or overlapping the execution

of di�erent lo op iterations, such as software pip elining [Cha81, Lam88, DHB89], are b ecoming

widely used. These techniques are pro�table, even on scalar pro cessors [WS87].

The programs in the workload are categorized into �ve groups:

(1) Livermor e contains the �rst fourteen Livermore Lo op kernels [McM72].

(2) Nasker contains the seven NAS kernel b enchmarks [BB84]. BTR is a blo ck tri-

diagonal solver; CHO p erforms Cholesky decomp osition; EMI is a vortices emission

simulation; FFT p erforms a 2-dimensional fast F ourier transform; GMT do es a Gaussian

elimination of matrix wall in uence co e�cients; MXM p erforms 4-way unrolled matrix

multiply; and VPE do es p entadiagonals inversion.

(3) Perfe ct includes eight programs from the PERFECT Club Benchmark Suite [BCK

+

89].

ARC2D mo dels sup ersonic reentry; BDNA is a nucleic acid simulation; DYFESM mo d-

els structural dynamics; FLO52 mo dels transonic ow; MDG is a water molecule simula-

tion; MG3D p erforms seismic migration; QCD is a lattice gauge; and TRACK p erforms

missile tracking.

(4) Misc contains miscellaneous computation-intensive applications. NEURAL is a

neural net simulator that trains a multi-la yer neural network using backpropagation.

1

Three programs from the Rice Compiler Ev aluation Suite (RiCEPS)

2

include BOAST,

1

NEURAL was supplied by by David Cohn.

2

RiCEPS programs are courtesy of Rice University .

which is a reservoir simulation, SPHOT, which is a photon transp ort problem solver,

and W

ANAL1, which mo dels wave equation b oundary control. COSTSC is a network

ow analyzer.

3

(5) Int contains integer programs, including the b enchmarks DHR

YSTONE [W ei84],

INTEGER and KNIGHT, LCC (the Lcc front end) and SP

ARSE, a sparse matrix

equation solver. Sparse p erforms some oating p oint op erations, but is dominated by

data structure manipulation.

Both the Perfect and Misc groups include programs with very large basic blo cks; many contain

hundreds of instructions and some have more than one thousand. In particular, execution time in

ARC2D, BDNA and MG3D is dominated by those large blo cks. No lo op unrolling was p erformed

on any of the programs, but some of the NAS kernels were written with explicit unrolling.

5.2 Measuremen t Criteria

T o compare co de generation strategies or di�erent architecture v ariations Marion computes, for

each program,

total cycles =

X

b2blo cks cycles

b

� fr e q

b

: (5.1)

Cycles

b is the numb er of machine cycles that would b e required to execute blo ck b to completion.

It is computed by the scheduler and takes into account all structural, control and data hazards.

F r e q

b is the numb er of times blo ck b was executed when run by a separate pro�ling to ol prior to

the exp eriments. T otal cycles is an estimate of CPU execution time; it do es not consider delays

outside the pro cessor, such as cache misses.

All data presented in the next two chapters is in terms of sp eedups or normalized execution

times. Each program is normalized to a particular strategy or architecture, dep ending on the

parameter of interest. In e�ect this gives equal weight to each program in the workload and avoids

allowing a few of the large oating p oint programs to dominate the others. Programs in a group

are summarized using the harmonic mean.

Co de pro duced for the R2000 has b een executed. F or the Livermore group, on the average the

execution time is 6% greater than the estimated CPU execution time. Section 8.2 discusses this

slow down in more detail.

3

COSTSC was supplied by Jim Larus. It was not used in the co de generation strategies comparison.

Chapter 6

In tegrating Register Allo cation and

Instruction Sc heduling

Many compilers for RISCs p erform register allo cation and instruction scheduling separately

, with

each phase ignorant of the requirements of the other. In reality each can imp ose constraints on the

other, sometimes pro ducing ine�cient co de.

Co de ine�ciencies are caused by an excess of memory references or pip eline delays. When

register allo cation is p erformed �rst, the same physical register may b e assigned to indep endent

expression temp oraries, reducing the p otential instruction-level parallelism. This, in turn, decreases

the scheduler’s opp ortunities to mask pip eline delays. When scheduling precedes register allo cation,

the numb er of simultaneously live v alues may b e increased, creating more spills to memory .

The ma jor unresolved issue is whether this lack of communication b etween register allo cation

and instruction scheduling pro duces ine�cient schedules; if it do es, then to what extent must the

two functions b e integrated to improve the generated co de? This chapter investigates this issue by

comparing the p erformance of three strategies for register allo cation and instruction scheduling:

(1) a simple Postpass strategy

, in which global register allo cation is p erformed b efore

instruction scheduling [HG83, GM86 ];

(2) a v ariation of Integrated Prepass Scheduling (IPS) [GH88

], in which the scheduler

is invoked b efore register allo cation and must schedule within a lo cal register limit; and

(3) a new technique that I develop ed called RASE (Register Allo cation with Schedule

Estimates), which integrates register allo cation and instruction scheduling by giving the

register allo cator cost estimates that quantify the e�ect of its allo cation choices on the

subsequently generated schedule.

The �rst strategy serves as a base for the exp eriments, since it cleanly separates register allo ca-

tion and instruction scheduling. This approach is the choice of retargetable compilers that include

instruction scheduling, such as GCC [Sta89]. RASE represents the other end of the sp ectrum of

alternatives. It provides a vehicle through which the register allo cator and the instruction scheduler

can communicate their register requirements. My version of IPS o ccupies the middle ground; tech-

nically it separates the two functions, but it emulates communication by encouraging the scheduler

to keep register pressure at a level conducive to go o d register allo cation.

The exp eriments were p erformed using b enchmarks and applications on compilers targeted to

three RISCs, the MIPS R2000, the Motorola 88000 and the Intel i860.

IPS and RASE each pro duce co de that is on the average 12% faster than Postpass, supp orting

the hyp othesis that the lack of communication b etween register allo cation and instruction schedul-

ing pro duces ine�cient schedules. On the other hand, the p erformance of co de generated by IPS and RASE is almost identical; RASE surpasses IPS only on a few programs that contain very large

basic blo cks. F or these particular architectures the close coupling of instruction scheduling and

register allo cation found in RASE is not necessary; therefore, IPS is a b etter choice, b ecause it is

conceptually simpler and less exp ensive at compile time. Nevertheless, strategies such as RASE are

worth further exploration for other architectures (see Chapter 7) or if programs with large blo cks

b ecome more common due to techniques such as lo op unrolling and trace scheduling.

The rest of this chapter is organized as follows: Section 6.1 explains the problem with the lack of

communication b etween instruction scheduling and register allo cation in more detail; Sections 6.2

describ es the three co de generation strategies; Section 6.3 gives the results of the exp eriments; and

Section 6.4 summarizes.

6.1 The Problem

Co de e�ciency is a function of the execution time of the program. T o increase e�ciency

, a register

allo cator reduces memory references; an instruction scheduler reduces pip eline delays by masking

the latency of multi-cycle op erations. However, reducing one may increase the other. Even if a

compiler is given pro�ling information that indicates which parts of the program are most imp or-

tant, a compiler that separates register allo cation and instruction scheduling may b e unable to

�nd the right mix of pip eline delays and memory references, b ecause of the lack of communication

b etween the two phases.

Many compilers p erform global register allo cation b efore instruction scheduling [HG83, GM86].

The problem with this approach is that the same physical register may b e assigned to indep endent

pseudo-registers. If they are referenced within the same basic blo ck, the scheduler cannot overlap

op erations that use them, b ecause doing so would yield incorrect co de.

Figure 6.1(a) shows a sample machine co de fragment that contains two indep endent multiply

op erations. Global pseudo-registers pr 1 and pr 2 have lifetimes that span the co de fragment. Lo cal

pseudo-registers pr 3 and pr 4 have lifetimes that do not overlap each other. Assume that another

global pseudo-register pr 5 is live across the co de fragment, but not referenced in it. Figure 6.1(b)

illustrates pseudo-register lifetimes; pseudo-registers whose lifetimes overlap interfere and cannot

b e assigned the same register. Therefore, given four physical registers, the register allo cator is

faced with a choice: force pr 3 and pr 4 to share a physical register or spill pr 5 (see Figure 6.1(c)). If

the register allo cator makes the �rst choice, then the scheduler cannot overlap the two multiplies,

yielding a schedule that takes 10 cycles. With the second choice, however, the scheduler can

pro duce a schedule that takes only 6 cycles, as shown in Figure 6.1(d). If pr 5 is rarely used and

the co de fragment is executed frequently

, the second choice would yield b etter overall p erformance.

If multiply were a single-cycle op eration, however, then the two schedules would b e equiv alent;

therefore, b etter p erformance could b e achieved with the �rst choice, which avoids the spill. Which

allo cation is b etter? It dep ends on the numb er and size of the latencies and the degree of instruction-

level parallelism within the basic blo ck, information that is outside the register allo cator’s context.

Similar problems o ccur if scheduling precedes register allo cation. Since the scheduler’s goal is

to exploit instruction-level parallelism, it may increase lo cal register usage without b ound. This

in turn may reduce the register allo cator’s opp ortunities to avoid memory references. Figure 6.2

illustrates this case. Two schedules for a series of four loads and two adds are shown. Assuming no

Co de F ragment

pr 3 pr 1 � pr 1

store pr 3

pr 4 pr 1 � pr 2

store pr 4

(a)

Pseudo-registe r Lifetimes

pr1

pr2

pr3

pr4

pr5

(b)

Register Allo cator

choice 1 choice 2

pr1 r1 r1

pr2 r2 r2

pr3 r3 r3

pr4 r3 r4

pr5 r4 spill

(c)

Instruction Scheduler

Co de with choice 1 Co de with choice 2

Cycle Instr Cycle Instr

0 r 3 r 1 � r 1 0 r 3 r 1 � r 1

4 store r 3 1 r 4 r 1 � r 2

5 r 3 r 1 � r 2 4 store r 3

9 store r 3 5 store r 4

(d)

Figure 6.1: Example: register allo cation precedes instruction scheduling. The co de frag-

ment is shown in (a). Pseudo-register lifetimes are shown in (b). Lifetimes that overlap cannot

b e assigned to the same physical register. Given 4 physical registers: if the same physical register

is assigned to pr 3 and pr 4 (choice 1), then the multiplies cannot b e overlapp ed; if pr 5 is spilled

(choice 2), then they can b e overlapp ed.

cache misses and a 2-cycle load latency

, the �rst schedule executes in one less cycle and therefore

is preferred by the scheduler. However, the second sequence requires one less register and could

result in a faster overall program, if using that register to hold a global pseudo-register saves more

than one cycle. Again, which schedule is b etter dep ends on information outside of the scheduler’s

context. Because spill co de intro duced by the register allo cator must still b e scheduled, scheduling

b efore register allo cation do es not completely avoid the �rst problem discussed in this section.

The magnitude of the problem of lack of communication b etween register allo cation and in-

struction scheduling dep ends on the interaction b etween a program’s instruction mix and the target

pro cessor’s characteristics, such as op eration latencies and register set size. On most RISCs the

load latency on a cache hit is short (2 or 3 cycles) and most integer op eration latencies are 1. There-

fore, with programs that contain mostly integer op erations, this lack of communication causes little

p erformance degradation. With scienti�c workloads, however, the problem is signi�cant for three

Cycle Instr

0 load r 1; 12(f p)

1 load r 2; 16(f p)

2 load r 3; 40(f p)

3 load r 4; 44(f p)

4 r 1 r 1 + r 2

5 r 2 r 3 + r 4

(a)

Cycle Instr

0 load r 1; 12(f p)

1 load r 2; 16(f p)

2 load r 3; 40(f p)

3 r 1 r 1 + r 2

4 load r 2; 44(f p)

6 r 2 r 3 + r 2

(b)

Figure 6.2: Two schedules for indep endent loads and adds. Schedule (a) takes 6 cycles and

requires 4 registers. Schedule (b) takes 7 cycles and requires 3 registers. Which is b etter dep end s

on how the extra register could b e used.

reasons. First, these workloads tend to have a high degree of instruction-level parallelism, b ecause

they contain large basic blo cks with many indep endent expressions. Second, they use many multi-

cycle oating p oint op erations, which can cause long pip eline delays. Avoiding these delays requires

exploiting that parallelism. Third, the large basic blo cks contain many lo cal pseudo-registers, as

well as global pseudo-registers; the increased numb er of register allo cation choices exacerbates the

lack of co ordination in a simple co de generation strategy .

6.2 Co de Generation Strategies

A numb er of co de generation strategies separate register allo cation from instruction scheduling.

Hennessy and Gross’s metho d [HG83, Gro83

] and Gibb ons and Muchnick’s metho d [GM86

] p erform

register allo cation b efore basic blo ck instruction scheduling. Both schedulers use list scheduling

algorithms with heuristics to cho ose among scheduling candidates. The primary di�erence b etween

the two is in dealing with a physical register that is used for two indep endent computations within a

blo ck. Gibb ons and Muchnick’s metho d adds edges to the co de DAG to force an ordering b etween

the two computations; the scheduler itself is O (n

2

), where n is the numb er of no des in the co de DAG.

Hennessy and Gross’s metho d allows the scheduler to reorder the computations, which sometimes

yields b etter co de; however, this increases the scheduling complexity to O (n

4

).

A metho d by Go o dman and Hsu [GH88, Hsu87] p erforms DAG-driven lo cal register allo cation

b efore instruction scheduling. The register allo cator examines the co de DAG during allo cation. If

two pseudo-registers must share the same physical register, extra edges are added to the DAG, as

in Gibb ons and Muchnick’s metho d. The di�erence is that the register allo cator attempts to limit

its e�ect on the scheduler: when a pseudo-register is to b e assigned a physical register, the register

allo cator �rst attempts to cho ose a register such that any additional DAG edges are redundant;

failing that, it cho oses a register that will minimize the increase in the height of the DAG. (The

height of a DAG is maximum distance along a path from any ro ot to any leaf.)

Go o dman and Hsu [GH88, Hsu87] also develop ed an approach called Integrated Prepass Schedul-

ing, which p erforms scheduling b efore lo cal register allo cation. Section 6.2.2 describ es this approach

in more detail.

Auslander and Hopkins [AH82] p erform instruction scheduling �rst, follow ed by register allo cation and another scheduling pass. W arren [W ar90] builds up on this metho d with some heuristics for

limiting the instruction scheduler’s e�ect on the register allo cator. In particular, W arren’s metho d

decreases the priority of loads as register pressure increases.

6.2.1 P ostpass Sc heduling

The Postpass strategy cleanly separates register allo cation and instruction scheduling. Global reg-

ister allo cation is p erformed �rst, using a Chaitin-style graph coloring allo cator [Cha82, BCKT89].

Instruction scheduling follows (hence the name Postpass), using an O (n

2

) list scheduling algorithm,

similar to Gibb ons and Muchnick’s [GM86

]. The list scheduler builds the co de DAG and keeps two

lists: the r e ady list contains instructions that can b e scheduled without causing a delay; the le ader

list contains instructions whose predecessors have b een scheduled, but would cause a data hazard

if scheduled. Instructions are scheduled from the ready list according to the follo wing heuristics:

(1) cho ose the ready instruction with the maximum distance; if not unique, then

(2) cho ose from that set the instruction with the maximum numb er of successors; if not

unique, then

(3) cho ose from that set the instruction with the greatest latency; if not unique, then

(4) cho ose an arbitrary instruction from that set.

Section 4.2 provides a more detailed description of list scheduling algorithms and Section 3.7 dis-

cusses global register allo cation.

Register Coloring Policies

Hennessy and Gross [HG83] suggested that a round-robin register allo cation p olicy would have less

impact on a p ostpass scheduler than a �rst-�t p olicy

. Go o dman and Hsu’s results [GH88] con�rm

this. In b oth compilers round-robin was used only for lo cal register allo cation.

I compared four p olicies to determine the e�ects of a global register allo cator’s coloring p olicy

on the Postpass scheduler.

(1) First-�t cho oses the �rst free register (or register pair).

(2) R ound-r obin b egins searching for a free register from the p oint where the last suc-

cessful search ended.

(3) Mixtur e combines the �rst two p olicies: Round-robin is used over the �rst half of

the register set; if a free register is not found, First-�t is used over the second half.

(4) With Basic-blo ck, the idea is to avoid using the same physical register more than

once within a basic blo ck, thereby attempting to minimize intro duced dep endence s. F or

pseudo-register p, r ange(p) is de�ned to b e the set of all basic blo cks in which p is live.

F or color c, r ange(c) is the set of the blo cks in which the color is used. R ange(c) is

up dated as pseudo-registers are colored. When a pseudo-register p is to b e colored, the

p olicy cho oses the color c such that jrange(p) \ range(c)j is the minimum over all free

colors.

The Round-robin p olicy tends to spread out register usage, but, since the order in which pseudo-

registers are colored is based on priorit y , not proximity

, pseudo-registers in the same vicinity may

T able 6.1: Comparison of register coloring p olicies. All v alues are harmonic means of the

execution times, normalized to First-�t, of the programs within each group. The b est p olicy choice

for each group is shown in b old. (Smaller v alues are b etter.)

T est First-�t Round-robin Mixture Basic-blo ck

Livermore 1.00 0.79 0.80 0.80

Nasker 1.00 0.89 0.91 0.97

88000 Perfect 1.00 0.91 0.92 0.96

Misc 1.00 0.96 0.93 0.97

Integer 1.00 1.13 1.02 1.01

Livermore 1.00 0.96 0.92 0.93

Nasker 1.00 0.94 0.95 0.97

R2000 Perfect 1.00 0.93 0.92 0.95

Misc 1.00 0.95 0.92 0.91

Integer 1.00 1.14 1.05 1.01

Livermore 1.00 0.84 0.90 0.88

Nasker 1.00 0.83 0.88 0.86

i860 Perfect 1.00 0.86 0.88 0.90

Misc 1.00 0.90 0.90 0.87

Integer 1.00 1.10 1.01 1.01

still b e assigned the same physical register. The Basic-blo ck p olicy more precisely spreads out

register usage. However, after all colors have b een used once in a large blo ck, the p olicy in e�ect

reverts to First-�t. Therefore, it do es not work well on basic blo cks in which many pseudo-registers

are live.

T able 6.1 shows the results of the comparison in terms of execution time normalized to First-�t.

Each v alue in the table is the harmonic mean of the normalized execution times for a particular

program group.

Except on the Integer group, First-�t is consistently worse than the other p olicies. First-�t is

the b est on the Integer group; the other p olicies use more registers, which increases pro cedure call

overhead, but provides little scheduling b ene�t.

On the four oating-p oint intensive program groups, b oth Round-robin and Mixture are b etter

than Basic-blo ck. Mixture is the b est on the R2000, whereas Round-robin is the b est on the i860.

On the 88000 Round-robin is the b est on three of the four groups, but it is b etter than Mixture on

those groups by only 1%.

Considering b oth oating p oint and integer programs, Mixture is the b est choice. Nevertheless,

I use Round-robin in the Postpass strategy in all further exp eriments. The main reason is that I

added Mixture to the comparison after many of the exp eriments were conducted. Since Mixture has

an adv antage over Round-robin only on integer programs, I decided not to rerun the exp eriments.

6.2.2 In tegrated Prepass Sc heduling

Marion’s IPS is a v ariant of Go o dman and Hsu’s original Integrated Prepass Scheduling [GH88,

Hsu87]. In their version the scheduler precedes the register allo cator, but attempts to restrict the

numb er of concurrently live lo cal pseudo-registers by giving each basic blo ck a register limit. A r e gister limit places an upp er b ound on the numb er of live lo cal pseudo-registers, thus limiting

the amount of instruction-level parallelism that the scheduler may exploit. The scheduler selects

instructions to minimize pip eline delays, in a manner similar to the Postpass scheduler, unless the

numb er of live lo cal pseudo-registers is greater than or equal to the given limit. As long as the

scheduler is at the limit, it attempts to schedule instructions that free registers; if it cannot, it

may exceed the limit. After scheduling, the register allo cator assigns physical registers to the lo cal

pseudo-registers within the blo ck; spills to memory are inserted if the limit could not b e met. In

their study

, Go o dman and Hsu assumed that \imp ortant" global pseudo-registers, such as induction

v ariables and lo op inv ariants, are assigned physical registers b efore scheduling, so that their IPS

considered only lo cal register allo cation.

Go o dman and Hsu compared their version of IPS to a numb er of metho ds including a version

of Postpass. All metho ds assumed that global pseudo-registers received physical registers a priori.

When given 15 registers for lo cal register allo cation, on a workload consisting of the Livermore

Lo ops, IPS achieved sp eedups of roughly 1.6 over Postpass with a �rst-�t allo cation p olicy and 1.3

over Postpass with a round-robin p olicy

, on a long pip eline machine (based on the Cray-1). The

sp eedups were 1.2 and 1.1, resp ectively

, on a medium pip eline machine. There was no sp eedup over

the strategies other than Postpass for 15 lo cal registers. Given 30 lo cal registers, IPS exhibited

virtually no sp eedup over any strategy .

The context of Go o dman and Hsu’s exp eriment was limited by several factors. First, they

allo cated global pseudo-registers (essentially by hand) b efore running IPS and p erformed only lo cal

register allo cation after scheduling. F or large programs, global register allo cation is necessary to

e�ectively use registers over many basic blo cks. Second, spills were scheduled by the lo cal register

allo cator, using a simple scheme. The scheme do es not reorder instructions, but instead attempts

to place a load enough instructions b efore the reference to the loaded register to avoid the load

latency; it also attempts to place a store enough instructions after the reference to avoid any

op eration latency

. When register pressure is high, this scheme will have di�culty avoiding that

latency

. Third, structural hazards were not considered. On some RISCs there may b e contention

for a non-pip elined functional unit or a register write-back bus. F ourth, their workload was limited

to 12 Livermore Lo ops, with some lo op unrolling.

Marion’s version of IPS addresses all of these limitations. First, to mo del reserving physical

registers for imp ortant global pseudo-registers, Marion’s IPS sets the lo cal register limit for each

blo ck as follows:

limit = max(3; avail � glob al use d); (6.1)

where avail is the maximum numb er of registers av ailable to the register allo cator and glob als use d

is the numb er of unique global pseudo-registers referenced within the blo ck. After scheduling, the

new instruction order (pro duced by the scheduler) is used by the register allo cator to compute

interferences. The register allo cator is identical to the Postpass allo cator, except that the First-�t

coloring p olicy is used, since scheduling precedes register allo cation. Second, the Postpass scheduler

is invoked after register allo cation to ensure that spill co de is scheduled as well as p ossible. Third,

the scheduler takes structural hazards into account when scheduling co de. F ourth, the exp eriments

are p erformed on a workload that includes complete programs, in addition to the Livermore Lo ops

and the NAS kernels.

The IPS strategy represents an intermediate level of integration b etween register allo cation and

instruction scheduling. In e�ect it \reserves" registers for global pseudo-registers by reducing the

register limit by the numb er of globals referenced in the blo ck. In addition, it restricts lo cal register

use by imp osing register limits on scheduling. T ogether these imp ose constraints on the scheduler

that mimic those that the register allo cator must face.

6.2.3 RASE Co de Generation

RASE provides its register allo cator with schedule cost estimates that allow the allo cator to quantify

the e�ect of its choices on the scheduler. This is in contrast to IPS, which uses a heuristic to attempt

to minimize the scheduler’s impact on the register allo cator. There are two asp ects to the solution

used in RASE: (1) a pre-scheduler (PRESCHED) is invoked b efore the global register allo cator

(GRA) to gather schedule cost information that is then used by GRA; and (2) the resp onsibility

for allo cating registers is distributed; the instruction scheduler (FINALSCHED) allo cates registers

to lo cal pseudo-registers and GRA allo cates registers only to global pseudo-registers.

As with all of the strategies, a simple co de selector generates straightforward machine co de that

de�nes and uses pseudo-registers. RASE’s three phases then follow. (See Figure 6.3.)

First, PRESCHED computes a schedule cost function for each basic blo ck. Given a register

limit, the schedule cost function returns a schedule cost estimate. A sche dule c ost estimate is the

estimated numb er of machine cycles required to execute the instructions in a basic blo ck, while

remaining within the register limit. In contrast to IPS’s register limits, RASE’s limits must not b e

exceeded.

In the second phase, GRA uses the schedule cost estimates to compute the incremental cost of

reducing each register limit. The incr emental c ost re ects the additional cycles required to schedule

a blo ck with a reduced upp er b ound on the parallelism. The incremental costs are in the same units

(machine cycles) as the costs asso ciated with spilling global pseudo-registers to memory

. GRA uses

b oth the incremental and spill costs to assign physical registers to global pseudo-registers and to

decide what register limit to imp ose on each blo ck.

The third phase, FINALSCHED, schedules each blo ck, assigning physical registers to lo cal

pseudo-registers within the register limit for that blo ck. Both PRESCHED and FINALSCHED use

an underlying scheduler (SCHED).

This approach addresses the co de generation communication problem by giving GRA resp on-

sibility for determining how many registers to use, b oth for exploiting instruction-level parallelism

and for reducing memory references. In essence, for each basic blo ck, GRA partitions the register

set into two p ortions. One p ortion is given to the instruction scheduler, in the form of the register

limit, to exploit instruction-level parallelism. GRA itself assigns the registers in the other p ortion

to the pro cedure’s most imp ortant global pseudo-registers, thereby reducing memory references.

Based on b oth the spill and incremental costs, GRA determines the appropriate balance b etween

these two comp eting needs for registers.

Schedule Cost Estimates

F or each blo ck b, PRESCHED constructs a schedule cost function,

sche dc ost

b

(x) = c + d=x

2

; (6.2)

- - -

?

-

?

PRESCHED

Co de DAG

Allo cator

Register

Global

FINALSCHED

Scheduled co de

SCHED

Figure 6.3: RASE structure. PRESCHED calls SCHED to gather schedule cost information.

The global register allo cator assigns registers to global pseudo-registers and establishes register

limits. FINALSCHED calls SCHED to p erform actual scheduling within the register limits.

that returns the estimated numb er of machine cycles needed to execute blo ck b with a register limit

of x. PRESCHED constructs the function by twice invoking the underlying scheduler (SCHED)

to obtain two p oints on the function’s curve and then uses the p oints to compute the co e�cients c

and d. On the �rst invo cation, SCHED is given a small register limit, typically 3. On the second

invo cation SCHED is given the maximum register limit, usually the total numb er of registers.

SCHED returns an ordered pair (r e gs,sche dc ost), where sche dc ost is the schedule cost, in machine

cycles, and r e gs is the maximum numb er of live lo cal pseudo-registers at any p oint within the basic

blo ck. The v alue, r e gs, gives PRESCHED an upp er b ound on the instruction-level parallelism

within a blo ck. It will b e less than the given register limit if SCHED was unable to exploit enough

parallelism to reach the limit, but can never b e greater. Sche dc ost takes into consideration asp ects

of the target architecture that are known at compile time, such as op eration latencies and structural

hazards.

If the architecture has more than one register set, a schedule cost function is constructed for

each set. A total of 1 + k invo cations of SCHED is required, where k is the numb er of distinct

general purp ose register sets in the target architecture, one for the minimum plus a maximum for

each set. F or most RISCs, k is 1 or 2. These calls to SCHED do not change the instruction order.

RASE constructs a schedule cost function for two reasons: (1) calling SCHED for each register

limit would b e prohibitively exp ensive and (2) since GRA may intro duce spill co de for global

pseudo-registers, additional calls to SCHED would not necessarily yield more precise estimates.

I conjectured that increasing the register limit would decrease the schedule cost rapidly near the

minimum limit and slowly near the maximum. T o test this hyp othesis, the cost estimates were

computed for each p oint for each blo ck in the NAS kernels on the 88000. The average correlation

co e�cient b etween the p oints and the inverse quadratic function was 0.88. In most cases the

schedule cost function decreases more rapidly than the curve of computed cost estimates. Additional

tuning could yield a b etter function. Figure 6.4 shows the curves for the �rst two large blo cks in

the �rst kernel.

Figure 6.4: Example schedule cost function for a basic blo ck returns the estimated numb er of

machine cycles to execute the blo ck, given a register limit. This graph shows the schedule costs

for two basic blo cks, computed by calling SCHED for each register limit, and the schedule cost

function for Blo ck 2. The schedule cost function for Blo ck 1 is nearly identical, so it is not shown.

Global Register Allo cation

RASE’s global register allo cator di�ers from the Chaitin-style allo cator [Cha82] used by Postpass

and IPS. Chaitin’s register allo cator includes no des in the interference graph that represent b oth

global and lo cal pseudo-registers. In RASE, the no des for lo cal pseudo-registers are replaced with

no des representing basic blo ck pseudo-registers. (See Figure 6.5.) The numb er of basic blo ck

pseudo-registers for each blo ck is the maximum numb er of live lo cal pseudo-registers at any p oint

(as determined by PRESCHED). F or each basic blo ck the numb er of basic blo ck pseudo-registers

that get colored b ecomes the register limit for that blo ck. In e�ect, the resp onsibility for lo cal

register allo cation is replaced by the resp onsibility for determining the register limits.

As in Chaitin’s register allo cator, the RASE allo cator colors no des in decreasing order of priority .

F or each no de p,

priority

p

= r e gc ost

p

de gr e e

p

: (6.3)

(See Section 3.7 for a detailed description of Chaitin’s allo cator.) F or global pseudo-register no des

r e gc ost

p is the cost of spilling p to memory

. RASE calculates this in the same manner as Chaitin’s

allo cator. F or basic blo ck pseudo-register no des, r e gc ost

p represents the incremental cost of reducing

the register limit by one. This is calculated as follo ws. First, for each blo ck b, let n b e the numb er

of basic blo ck pseudo-register no des for b. Each such no de p is given a v alue b etween 1 and n

that represents a p ossible register limit for b. Then, for each no de p, with v alue x, r e gc ost

p is the

additional cost of the schedule that would result if the blo ck’s register limit were reduced from x

to x � 1. Thus,

r e gc ost

p

= (sche dc ost

b

(x � 1) � sche dc ost

b

(x)) � fr e q

b

; (6.4)

where sche dc ost

b

(x) is the schedule cost function for b and fr e q

b is the frequency with which b is

executed.

T o force GRA to color a minimum numb er of basic blo ck pseudo-register no des for each blo ck,

r e gc ost

p is set to in�nity for those no des. F or each blo ck, this minimum is the maximum numb er

of pseudo-register source op erands in any single instruction in the blo ck.

After coloring the graph, GRA counts the numb er of basic blo ck pseudo-register no des that

were colored, for each basic blo ck. This numb er b ecomes the register limit for that blo ck.

Since RASE’s register allo cation still precedes scheduling, the First-�t coloring p olicy may

constrain the scheduler. The Round-robin p olicy alleviates the problem somewhat, but may still

cause scheduling constraints. The Basic-blo ck p olicy did not work well with Postpass, b ecause it

was overloaded by lo cal pseudo-registers. The RASE allo cator, however, allo cates registers only to

global pseudo-registers, which enables the Basic-blo ck p olicy to p erform b etter than Round-robin.

Consequently

, the RASE register allo cator uses the Basic-blo ck coloring p olicy .

As discussed in Section 3.7.1, the Marion global register allo cator constructs interference graph

no des that represent register pairs and requires them to b e colored with adjacent physical registers.

This applies to basic blo ck pseudo-registers as well. In particular, within the group of basic blo ck

pseudo-registers that do not have in�nite cost, all of the no des representing pairs precede those

representing single registers. Thus, the pairs have a higher r e gc ost than the singles and, therefore,

will b e candidates for coloring �rst.

"!

#

"!

#

"!

#

"!

#

"!

#

"!

#

"!

#

"!

#

�

�

�

�

�

�

�

�

�

�

� B

B

B

B

B

B

B

B

B

B

B

B

B

B

B

S

S

S

S

S

S

S

S

�

�

�

�

�

�

�

�

�

�

�

�

�

� l

l

l

l

l

l

l

l

l

l

l

P

P

P

P

P

P

P

P

P

P

P

P

P

P

P

A

A

A

A

A

A

A

H

H

H

H

H

H

H

H

H

H

H

H

H

H H

�

�

�

�

�

�

�

�

� lr4

lr5

lr6 lr7 lr8 lr9 gr17

gr15

(a) The graph in a Chaitin-style register allo cator contains a no de for each global and lo cal pseudo-

register. Some lo cal pseudo-registers may interfere, while others may not. The instruction order

presented to the register allo cator determines the interference.

P

P

P

P

P

P

P

P

P

P

P

P

P

P

@

@

@

@

@

@

@

@

@

@

@

@ @

�

�

�

�

�

� b

b

b

b

b

b

b

b

b

b X

X

X

X

X

X

X

"!

#

"!

#

�

�

"

"

"

"

"

"

"

br1

br2 br3 br4 gr17

gr15

(b) The graph in the RASE register allo cator contains 4 basic blo ck pseudo-register no des, b ecause

out of the 6 lo cal pseudo-registers, at most 4 are live at any p oint in the blo ck. All such no des

con ict, so that no two get the same color. The numb er that do get colored b ecomes the register

limit for this blo ck.

Figure 6.5: Interference graphs for a basic blo ck in Chaitin-style and RASE register

allo cators. Assume that (1) global pseudo-registers g r 15 and g r 17 are live throughout the blo ck,

(2) the basic blo ck contains 6 lo cal pseudo-registers and (3) of those 6, at most 4 are live at

any p oint in the blo ck. (lr = lo cal pseudo-register, br = basic blo ck pseudo-register, gr = global

pseudo-register).

The two groups of no des representing basic blo ck pseudo-register pairs and singles, resp ec-

tively

, are further sub divided into calleesave and non-calleesave subgroups. Within each group

the calleesave subgroup precedes the non-calleesave subgroup. PRESCHED indicates how many

lo cal pseudo-registers (b oth pairs and singles) are live across a call; these b ecome the size of the

calleesave groups. No des in these groups interfere with callersave physical registers, forcing them

to b e colored with calleesave physical registers (if at all). If calleesave physical registers are not

av ailable, but callersave register are, it is sometimes pro�table to give callersave registers to a basic

blo ck, even though it would prefer calleesave. T o enable this to happ en, for each calleesave basic

blo ck pseudo-register, an extra non-calleesave basic blo ck pseudo-register is added. These extra

pseudo-registers are given low r e gc osts, b eginning at :001 � fr e q and decreasing for each subsequent

one.

The Underlying Scheduler (SCHED)

The algorithm for SCHED, shown in Figure 6.6, is O (n

2

) and is similar to the IPS scheduler’s algo-

rithm. Signi�cant di�erences are that SCHED p erforms lo cal register allo cation while scheduling

and strictly adheres to the register limit, spilling if necessary

. In contrast, the IPS scheduler may

exceed the limit, since it precedes register allo cation.

When a register limit is reached, SCHED, like IPS, attempts to schedule an instruction that

frees registers in the limited register set or at least creates no more registers than it frees. However,

if no such instruction exists, SCHED spills the lo cal pseudo-register r from the limited set such

that

h(r ) � h(s); 8s 2 regs; where h(r ) = max

u2use(r )

(c

u

) (6.5)

and c

u is the maximum cumulative cost of u. In other words, SCHED cho oses the register whose

farthest use from the end of the blo ck is closer to the end of the blo ck than any other register’s.

When spilling, SCHED schedules the store of the spilled register r and then adds the corresp onding

load instruction to the co de DAG, ensuring that it precedes all unscheduled uses of r . Spilling is

sometimes necessary b ecause SCHED p erforms lo cal register allo cation, along with scheduling.

SCHED’s heuristics for cho osing a ready instruction are a sup erset of Postpass’s heuristics:

(1) cho ose the ready instruction whose maximum distance

1

is within toler anc e of the

greatest maximum distance of any instruction; if not unique, then

(2) cho ose from that set the instruction that is not a lo cal load instruction; if not unique,

then

(3) cho ose from that set the instruction with the maximum distance; if not unique, then

(4) cho ose from that set the instruction with the maximum numb er of successors; if not

unique, then

(5) cho ose from that set the instruction with the greatest latency; if not unique, then

(6) cho ose an arbitrary instruction from that set.

1

Maximum distanc e is de�ned in Section 4.2.

Algorithm 4: sche dule within limit

Input: co de DAG; foreach register set s, a register limit, limit(s)

Output: schedule

De�ne:

c is the current cycle, initially 0

R is the set of ready no des, initially = f DAG ro ots g

L is the set of leader no des (ready except for outstanding latency), initially empty

foreach register set s, use(s) is current numb er of registers in use, initially 0

foreach no de x and foreach register set s,

net(x; s) is the net numb er of s registers created by n

foreach no de x 2 L, lat(x) is the remaining latency of x

Metho d:

while R 6= ; and L 6= ;

if R 6= ; then

y = ?

if foreach s, use(s) < limit(s) then

y = cho ose x 2 R, using heuristics

else

let s b e a register set such that use(s) � limit(s)

if 9 x 2 R such that net(x; s) < 0 then

y = cho ose b est such x, using heuristics

elseif 9 x 2 R such that net(x; s) = 0 then

y = cho ose b est such x, using heuristics

elseif 9 x 2 L such that net(x; s) <= 0 then

y = NOP

else spill a register from s

endif

endif

else y = NOP

endif

if y 6= ? then

schedule y

foreach succes sor x of y

if all predece ssors of x are scheduled then

L = L [ fxg; lat(x) = remaining latency of x’s predece ssor s

endif

endfor

endif

c = c + 1

foreach x 2 L

decremen t lat(x)

if lat(x) = 0 then L = L � x; R = R [ x; endif

endfor

endwhile

Figure 6.6: Algorithm for the RASE scheduler SCHED.

The tolerance is at most 8 and is a function of the numb er of currently live lo cal pseudo-registers; as

the numb er approaches the limit, the tolerance increases. The tolerance used in the �rst heuristic,

along with the second heuristic, allows the scheduler more freedom to �nd an instruction that do es

not increase the numb er of live lo cal pseudo-registers. The latter four heuristics are the same as

those use by Postpass.

Allo cating lo cal registers on-the- y creates two problems that complicate SCHED and some-

times cause it to spill unnecessarily

. First, considerable e�ort is needed to avoid reloading a spilled

register when it cannot b e used. T o accomplish this, SCHED marks each reload and will not

schedule it unless some successor has no predecessors other than reloads. This avoids reloading

to o early

, but sometimes forces reloading to o ccur to o late. F or example, in a large basic blo ck

with many lo cal common sub expressions, those sub expressions may b e spilled after their initial

uses. Then, the latter part of the schedule may contain many load delays, b ecause only reloads

and their dep ende nt op erations are left to schedule. It is fairly common to �nd a small numb er of

these reloads in a large basic blo ck; the problem is serious only in a few large blo cks.

The second problem concerns function calls. During pre-scheduling, the scheduler notes how

many lo cal pseudo-registers are live across each call site in a basic blo ck. The global register

allo cator uses this information to try to give the basic blo ck enough calleesave registers to meet its

needs. However, until it schedules a call, SCHED do es not know which pseudo-registers will b e live

across the call.

An alternativ e that may solve the second problem is to delay register assignment until after

scheduling. Since the scheduler remains within the register limit, spilling should not b e neces-

sary; some moves b etween registers may b e needed, however, b ecause of sp eci�c register needs for

parameter passing, calleesave and callersave registers, and register pairs.

A p otential solution to b oth problems is to allow SCHED to exceed the register limit, like the

IPS scheduler, and then do lo cal register allo cation after scheduling. Of course, spills would have to

b e inserted, requiring them to b e scheduled. Nevertheless, this would simplify SCHED and could

improve b oth compile-time p erformance and the schedules pro duced.

The presence of two or more registers sets causes another problem for SCHED (and for the

IPS scheduler as well). F or example, if one set (e.g., oating p oint) is at its register limit, but

there are ready instructions that use only the other set (e.g., integer), SCHED will schedule them.

Eventually a oating p oint register may have to b e spilled anyway

. If the integer instructions could

have b een overlapp ed with oating p oint instructions, the resulting schedule is inferior. Preventing

this is di�cult, b ecause some of those integer instructions may b e predecessors of oating p oint

instructions; therefore, scheduling the integer instructions may avoid the oating p oint register spill.

F ortunately

, this problem is rare; the only signi�cant case observed was on the Nasker program

VPE on the i860. Section 6.3 discusses this problem further.

6.3 Results

The comparison of co de generation strategies was p erformed on three commercially av ailable RISC

architectures, the MIPS R2000, the Motorola 88000 and the Intel i860. These architectures are

discussed in Chapter 2.

All data given in this section are sp eedups. (Larger numb ers are b etter.) The sp eedup of

T able 6.2: Sp eedup of IPS and RASE over Postpass for the Livermore group on three

architectures. (Larger numb ers are b etter.)

Sp eedup over Postpass

88000 R2000 i860

T est IPS RASE IPS RASE IPS RASE

Ker1 1.00 1.00 1.00 1.00 1.00 1.00

Ker2 1.19 1.19 1.06 1.06 0.99 1.00

Ker3 1.00 1.00 1.00 1.00 1.00 1.00

Ker4 1.01 1.01 1.01 1.01 1.01 1.01

Ker5 1.00 1.00 1.00 1.00 0.96 1.00

Ker6 1.00 1.00 1.00 1.00 1.00 1.00

Ker7 1.59 1.57 1.32 1.36 1.00 1.00

Ker8 1.26 1.24 1.16 1.17 1.08 1.10

Ker9 1.21 1.23 1.17 1.16 1.02 1.02

Ker10 1.19 1.19 1.17 1.17 1.19 1.19

Ker11 1.00 1.00 1.00 1.00 1.00 1.00

Ker12 1.00 1.00 1.00 1.00 1.00 1.00

Ker13 1.16 1.16 1.08 1.08 1.01 1.14

Ker14 1.07 1.08 1.08 1.08 0.96 1.04

HMn 1.10 1.10 1.07 1.07 1.01 1.03

strategy x (IPS or RASE) over Postpass is,

Sp e e dup = total cycles(Postp ass )

total cycles(x)

: (6.6)

T able 6.2 shows the sp eedups of IPS and RASE over Postpass on the three architectures, for

the Livermore group. In virtually all cases, IPS and RASE pro duce faster co de. On the 88000,

b oth IPS and RASE achieve sp eedups over Postpass of up to 1.6. On the R2000, the sp eedup s

are smaller, but on four lo ops they exceed 1.15. The sp eedups for the Nasker group are shown in

T able 6.3. On the 88000, b oth IPS and RASE achieve sp eedups averaging 1.2 (for the unoptimized

kernels). Again the sp eedups are smaller on the R2000.

The greater sp eedups of IPS and RASE over Postpass on the 88000 versus the R2000 are

caused by three di�erences b etween the architectures. First, the 88000 has only 32 registers,

while the R2000 has 32 integer registers and 16 oating p oint registers. Given more registers, the

register allo cator is less likely to constrain the Postpass scheduler. Second, the 88000 oating p oint

op eration latency is roughly twice that of the R2000. Since hiding shorter latencies requires less

instruction-level parallelism, scheduling constraints imp osed by the register allo cator have a smaller

impact. Third, a double precision load/store takes 2 instructions on the R2000, but only 1 on the

88000 (with a 3-cycle load latency). The additional instructions give schedulers more p ossibilities

for hiding latencies, thereby reducing the impact of scheduling constraints.

Livermore kernel 10 is an interesting case. It contains only double precision subtracts, loads

and stores. Since double subtract latency is only two on the R2000, we exp ected IPS and RASE to

exhibit little sp eedup over Postpass on that architecture. Postpass’s Round-robin coloring p olicy ,

however, forces an imp ortant v alue that is used in the inner lo op to b e spilled, yielding an inferior schedule. Although the Round-robin p olicy yields b etter co de than First-�t for most programs,

Round-robin can sometimes pro duce p o or results.

The average sp eedup of IPS and RASE over Postpass is smaller on the i860 than either the 88000

or R2000, b ecause the i860 has more registers (32 integer and 32 single precision oating p oint).

Nevertheless, the results are consistent with those from the other architectures: IPS and RASE

are b etter than Postpass. The sp eedups v ary widely and in some cases IPS and RASE pro duce

worse co de than Postpass. Much of the v ariation is attributed to the di�culty of scheduling the

explicitly adv anced pip elines on the i860; each of the schedulers must b e restricted to ensure that

intermediate v alues in the pip elines are not lost. Mo di�cations to the RASE scheduler might reduce

the v ariation; this area needs further study .

On the i860, the NAS kernel VPE exhibits the di�cultly of scheduling with register limits on

a machine with two register sets. Both IPS and RASE pro duce worse co de than Postpass. Each

reaches the oating p oint register limit and then continues to schedule integer instructions that

could have b een overlapp ed with oating p oint instructions, if a oating p oint register had b een

spilled or the limit surpassed.

No global optimizations are p erformed by the Marion’s Lcc front end. The lack of these opti-

mizations can a�ect the results. T o gauge this e�ect, I hand-optimized the Nasker program group.

In general, while execution time improved over the unoptimized co de, the relative p erformance

across co de generation strategies remained comparable to that pro duced by the unoptimized co de.

T able 6.3 contrasts the unoptimized and hand-optimized Nasker group. The hand-optimized

kernels were hand-optimized using lo op induction v ariable analysis and strength reduction and lo op

inv ariant remov al. These optimizations change a program’s instruction mix, generally reducing

integer addressing co de, including integer multiplies, but increasing integer pseudo-registers to

hold compiler-created strength-reduced induction v ariables. On the optimized kernels, IPS and

RASE exhibit sp eedups over Postpass comparable to those on the unoptimized co de. On the

optimized programs, the sp eedup s are somewhat lower on the 88000, but higher on the R2000 and

i860. The lower sp eedups on the 88000 result from fewer integer multiplies in the optimized co de;

integer multiplies contend with oating p oint instructions for the FPU. F ewer integer multiplies

are also the reason for the higher sp eedups on the R2000. Because the R2000 integer multiply

has a long latency and is not pip elined, the integer multiply/divide unit is the critical resource on

the unoptimized co de; when optimizations reduce those multiplies, the registers b ecome the critical

resource. Because IPS and RASE more e�ectively use registers, they pro duce b etter schedules than

Postpass on the optimized co de.

T ables 6.4 and 6.5 show the sp eedups for the Perfect and Misc groups, resp ectively

. On these

programs b oth IPS and RASE exhibit smaller sp eedup s over Postpass than on the kernels: IPS

sp eedups ranged from 1.0 to 1.2; for RASE they ranged from 1.0 to nearly 1.3. In most of the

programs, execution time is distributed over many basic blo cks, as opp osed to the Livermore and

Nasker groups. Since the level of scheduling di�culty v aries considerably b etween blo cks, the

p otential sp eedup over Postpass is smaller for the programs than for the kernels. Nevertheless,

some applications exhibit signi�cant sp eedups on the 88000 and go o d sp eedups on the R2000.

In b oth ARC2D and MG3D, which exhibit some of the largest sp eedups, the dominating blo cks

contain large numb ers of oating p oint op erations of all kinds.

On the 88000, RASE exhibits sp eedups over IPS of 7% to 13% on four of the Perfect group

programs. This o ccurs b ecause IPS decreases a blo ck’s lo cal register limit by the numb er of global

T able 6.3: Sp eedup of IPS and RASE over Postpass for the Nasker group (a) unopti-

mized and (b) optimized, on three architectures. No global optimizations were p erformed on the

unoptimized kernels, (the same as on all other programs). Lo op induction v ariable analysis and

strength reduction and inv ariant remov al were p erformed by hand on the optimized kernels.

Sp eedup over Postpass

88000 R2000 i860

T est IPS RASE IPS RASE IPS RASE

BTR 1.24 1.25 1.23 1.24 1.17 1.20

CHO 1.18 1.18 1.03 1.03 1.05 1.03

EMI 1.17 1.18 1.02 1.03 1.06 1.08

FFT 1.33 1.33 1.04 1.03 0.96 1.01

GMT 1.10 1.10 1.00 1.00 1.00 0.97

MXM 1.31 1.33 1.06 1.06 1.05 1.13

VPE 1.17 1.17 1.08 1.08 0.97 0.91

HMn 1.21 1.21 1.06 1.07 1.03 1.04

(a) Unoptimized Nasker group

Sp eedup over Postpass

88000 R2000 i860

T est IPS RASE IPS RASE IPS RASE

BTR 1.20 1.21 1.19 1.21 1.14 1.15

CHO 1.07 1.08 1.08 1.08 1.08 1.08

EMI 1.09 1.12 1.09 1.10 1.01 1.02

FFT 1.22 1.23 1.01 1.01 1.09 1.11

GMT 1.04 1.04 1.00 1.00 1.00 1.00

MXM 1.29 1.29 1.19 1.21 1.11 1.11

VPE 1.14 1.14 1.08 1.08 0.97 0.91

HMn 1.14 1.15 1.08 1.09 1.05 1.05

(b) Hand-optimized Nasker group

pseudo-registers referenced within the blo ck, which in e�ect favors global pseudo-registers at the

exp ense of lo cals. Most of the time this heuristic is e�ective. However, for blo cks that contain more

global pseudo-registers than physical registers (which is the case with these four programs), the

register limit is reduced to the minimum, preventing the scheduler from exploiting much instruction-

level parallelism. RASE, on the other hand, �nds a b etter balance b etween using registers for

scheduling and using them to reduce memory references. This results in more physical registers

b eing used lo cally for scheduling, which yields b etter schedules for these large blo cks.

On workloads that have small basic blo cks or mostly integer op erations, IPS and RASE b oth

p erform b etter than Postpass, as shown in T able 6.6. The sp eedups result primarily from Post-

pass’s Round-robin register allo cation p olicy

, which causes a higher than necessary pro cedure call

overhead. If Postpass used the Mixture p olicy

, the sp eedups would b e signi�cantly smaller.

T able 6.4: Sp eedup of IPS and RASE over Postpass for the Perfect group on three

architectures.

Sp eedup over Postpass

88000 R2000 i860

T est IPS RASE IPS RASE IPS RASE

ARC2D 1.16 1.25 1.06 1.06 1.13 1.16

BDNA 1.04 1.18 1.11 1.15 0.99 1.01

DYFESM 1.11 1.11 1.03 1.03 1.06 1.06

FLO52 1.11 1.11 1.04 1.04 1.08 1.12

MDG 1.05 1.05 1.02 1.01 1.04 1.03

MG3D 1.18 1.28 1.05 1.06 1.05 1.08

QCD 1.02 1.10 1.04 1.02 1.05 1.04

TRACK 1.02 1.06 1.02 1.05 1.03 1.02

HMn 1.08 1.14 1.05 1.05 1.05 1.06

T able 6.5: Sp eedup of IPS and RASE over Postpass for the Misc group on three architec-

tures.

Sp eedup over Postpass

88000 R2000 i860

T est IPS RASE IPS RASE IPS RASE

BOAST 1.12 1.13 1.10 1.10 1.08 1.11

SPHOT 1.09 1.10 1.10 1.08 1.10 1.11

W ANAL1 1.15 1.17 1.08 1.08 1.05 1.06

NEURAL 1.24 1.24 1.15 1.14 1.11 1.11

HMn 1.15 1.16 1.11 1.10 1.09 1.10

T able 6.6: Sp eedup of IPS and RASE over Postpass for the Int group on three architectures.

Sp eedup over Postpass

88000 R2000 i860

T est IPS RASE IPS RASE IPS RASE

DHR YSTONE 1.07 1.04 1.12 1.05 1.07 1.03

INTEGER 1.07 1.07 1.05 1.05 1.12 1.09

KNIGHT 1.25 1.24 1.17 1.16 1.16 1.17

LCC 1.39 1.35 1.39 1.30 1.35 1.29

SP ARSE 1.23 1.21 1.24 1.19 1.22 1.19

HMn 1.19 1.17 1.18 1.14 1.18 1.15

T able 6.7: Average sp eedup over the four oating p oint program groups of IPS and

RASE over Postpass on three architectures.

Sp eedup over Postpass

Architecture IPS RASE

88000 1.14 1.15

R2000 1.07 1.07

i860 1.05 1.06

6.4 Summary

This chapter presents a study of co de generation strategies to test the hyp othesis that separating

instruction scheduling and register allo cation pro duces ine�cient schedules. Three strategies were

examined: Postpass separates the two phases completely

, p erforming register allo cation �rst; IPS

schedules b efore register allo cation, using a heuristic that emulates the register allo cation con-

straints; RASE most closely couples the two phases by computing schedule cost estimates that are

used by the register allo cator.

Both RASE and IPS are considerably b etter than Postpass (see T able 6.7), supp orting the

hyp othesis that integrating the two phases is necessary

. IPS is b etter than Postpass for two reasons.

First, by limiting lo cal register usage, the IPS scheduler emulates the constraints under which the

register allo cator must op erate. The register limit takes into consideration the global pseudo-

registers referenced within a blo ck. This restrains the growth of register pressure, which reduces

overall spilling and, in particular, avoids signi�cant spilling in imp ortant blo cks. Second, b ecause

IPS schedules b efore register allo cation, the scheduler is free from sp eci�c register restrictions and

also presents the register allo cator with an ordering that is closer to the �nal schedule (mo dulo spill

co de), which gives the allo cator a b etter picture of the interference b etween pseudo-registers.

RASE is b etter than Postpass for two reasons. First, the schedule cost estimates let the register

allo cator �nd a balance b etween lo cal and global register needs, which gives each basic blo ck

su�cient registers to exploit instruction-level parallelism, but not enough to cause unnecessary

spilling elsewhere. Second, it delays lo cal register allo cation until �nal scheduling, which reduces

sp eci�c register restrictions on the scheduler.

On the three architectures examined in this study

, RASE achieves little sp eedup over IPS (1%

on the average), except on programs with large basic blo cks. On architectures with fewer registers

or longer latencies, RASE achieves greater sp eedups. This is discussed in the next chapter.

Three mo di�cations to RASE may improve the co de it pro duces. First, RASE could present

the global register allo cator with an ordering computed by PRESCHED. The prepass reordering

would make RASE more like IPS, but RASE would still retain the more precise heuristic for

determining the lo cal register limit. Second, RASE could separate lo cal register allo cation from

FINALSCHED, which may eliminate unnecessary lo cal spills caused by the di�culty of p erforming

these two functions together. Third, a global register allo cator with live-range splitting might

reduce overall spilling. (This might also improve the other strategies.)

Both IPS and RASE take more compilation time than Postpass. IPS takes roughly twice as

much time as Postpass, b ecause it schedules each blo ck twice and b ecause the scheduler must check register limits. RASE is roughly three times slower than IPS, b ecause it schedules each blo ck three

or four times (dep ending on the numb er of register sets) and b ecause the scheduling algorithm is

more complicated than IPS’s. More detail is given in Section 8.2.

In summary

, the results demonstrate that some level of integration is necessary to pro duce

e�cient schedules, but that the implementation and compilation exp ense of strategies that closely

couple the two phases, such as RASE, is unnecessary at present. Nevertheless, given the trend

toward techniques that increase instruction-level parallelism, RASE’s b etter p erformance on pro-

grams with very large basic blo cks makes it a go o d candidate for further examination.

84

Chapter 7

Register Sets and Latency V ersus Co de

Generation Strategy

This chapter discusses exp eriments that examine the e�ect on RISC pro cessor p erformance of

register set size and organization, and op eration and load latency

, using di�erent co de genera-

tion strategies. The strategies used in these studies are those discussed in the previous chapter.

The architectures that are examined incorp orate many features of two single-pro cessor RISCs, the

Motorola 88000 and the MIPS R2000, although none is an exact mo del of either.

Naturally

, more registers yield b etter overall p erformance, but at some p oint the additional

b ene�t diminishes. In general, co de generators that integrate register allo cation and instruction

scheduling yield more e�cient schedules, but their relative adv antage decreases as the register set

size increases.

The results show that, for a smaller numb er of registers, register pressure causes the architecture

with a shared register organization to execute faster than a split organization; for a larger numb er

of registers, the write-back bus to the shared register set b ecomes the b ottleneck, making a split

organization b etter. The split organization’s adv antage can b e o�set by double-p orting the shared

register �le.

The results also indicate that a machine with a oating p oint copro cessor do es not always

execute faster than one with a slower on-chip implementation, if the copro cessor do es not also

p erform exp ensive integer op erations, such as multiply and divide. The problem can b e solved by

transferring op erands to the FPU, p erforming the op eration there, and then shipping the data back

to the CPU.

The rest of this chapter is organized as follows: Section 7.1 describ es the metho dology that

is sp eci�c to these studies; Section 7.2 discusses the exp eriments and results; Section 7.3 outlines

related work; and Section 7.4 summarizes the results of these exp eriments.

7.1 Metho dology

Most architectural features used in these studies are adopted from the Motorola 88000 chip and

the MIPS R2000/R2010 chip set. The aim is not to mo del these machines exactly

, but to cho ose

comp onents that would constitute a \reasonable" base mo del for RISCs, and then v ary features of

that mo del. When v arying a particular feature, other asp ects of the architecture remain �xed.

The architectures examined include several common features. First, the CPU contains a 4-

stage instruction pip eline that handles all integer op erations, except multiply and divide. Second,

the FPU contains separate add and multiply pip elines that share initial and �nal stages. Divide

T able 7.1: Longerop and Shorterop op eration latencies used in the exp eriments.

Latency (in cycles)

Longerop Shorterop

fadd.s 5 2

fmul.s 6 4

fdiv.s 30 11

fadd.d 6 2

fmul.d 9 5

fdiv.d 60 18

imul 4 12

idiv 38 35

T able 7.2: Longload and Shortload load latencies used in the exp eriments.

Latency (in cycles)

Longload Shortload

ld 11 2

ld.d 12 3

op erations iterate within the �rst add pip e stage. Third, a 32-bit bus connects the CPU to a

data cache and memory .

1

F ourth, load op erations use a 2-stage load pip eline. Integer and single

precision oating p oint loads have a 2-cycle latency; double precision loads take 3 cycles.

Five indep endent architectural parameters are examined: (1) the co de generation strategy; (2)

the numb er of 32-bit registers (16 to 128);

2

(3) the organization of the register �le; (4) the op eration

latencies; and (5) the load latency .

The exp eriments compare two sets of op eration latencies: L onger op, which mo dels 88000 laten-

cies, and Shorter op, which mo dels R2000 latencies. (See T able 7.1.) These particular latencies were

chosen b ecause they represent those of two alternative chip designs, single-chip and dual-chip. The

oating p oint latencies of the dual-chip design are roughly half those of the single-chip, b ecause

more of the dual-chip area can b e devoted to oating p oint op erations. In the dual-chip design,

integer multiply is done on the CPU chip; the latency is three times that of the single-chip, which

uses the FPU to p erform this op eration.

The studies compare two sets of load latencies: L onglo ad, which mo dels architectures without a

cache (such as the Cray-1), and Shortlo ad, which mo dels architectures with a cache. (See T able 7.2.)

Only the shorter load latencies are used in most of the exp eriments; the longer latencies are used

only in the load latency study and the co de generation strategy study .

Both split and shared register organizations are examined. In a split organization registers are

usually divided into two equal partitions for integer and oating p oint v alues, resp ectively

. This is

the logical choice for an architecture with a separate oating p oint copro cessor; therefore, in our

studies the split organization is usually coupled with the shorter oating p oint op eration latencies.

1

The memory system is not mo deled; instead all reference s are assumed to b e cache hits.

2

The instruction word format is not altered to take register set size into consideration.

A shared organization is most appropriate for a single chip implementation; therefore, it is paired

with the longer oating p oint latencies. The shared organization is also used with shorter latencies

in some of the exp eriments, to test the e�ect of changing only the register organization. In all

studies, double precision oating p oint v alues use 64-bit even-o dd register pairs.

The co de generation strategies used in these exp eriments are describ ed in Chapter 6. All of

them p erform global (pro cedure-wide) register allo cation. Interpro cedural or link-time register al-

lo cation was not considered; With such a register allo cation technique, a greater numb er of registers

could b e used e�ectively

, mostly to reduce pro cedure call overhead [W al86, Cho88]. T echniques

to increase basic blo ck size, such as lo op unrolling, trace scheduling and software pip elining, were

not considered; these techniques could also increase the need for more registers. No global or lo op

optimizations were p erformed, except as noted.

7.2 Exp erimen ts and Results

7.2.1 Register Set Size

This exp eriment examines the e�ect on p erformance of register set sizes ranging from 16 to 128

registers, across three co de generation strategies and three architectures. The architectures di�er in

register organization and op eration latency

. A88sh has a shared register set and Longerop op eration

latencies; Ar2sh has the same register organization but with Shorterop latencies; Ar2sp also has

Shorterop latencies, but registers are split into two equal partitions, except for 32/16 and 64/32,

in which the oating p oint partition is half the size of the integer partition. F or each architecture,

the execution time of each program is normalized to the execution time for the same strategy and

same architecture with 32 registers. T ables 7.3 and 7.4 show the results. Figures 7.1 through 7.3

at the end of the chapter summarize the data in the tables.

With the IPS and RASE co de generation strategies, 32 registers is a go o d choice for all three

architectures. Given only 16 registers, the degradation (from 32 registers) averages 12% for A88sh

and Ar2sh and 26% for Ar2sp. Ab ove 32 registers, execution sp eed improves only 1%, on the

average, for A88sh and Ar2sh and 4% for Ar2sp. Although the slop e of the execution sp eed curve

is steep er (as register set size increases) for the split register organization, Ar2sp, than the shared

organizations, there is little improvement ab ove 32 registers. The Ar2sp slop e is steep er b ecause

many programs require more registers of one typ e than the other. In addition, those needs may

v ary over di�erent parts of a program.

The same general trends apply to Postpass, except that the b est register set size shifts to 64

registers. Over all three architectures, the improvement b etween 32 and 64 registers averages 9%.

As with RASE and IPS, when using Postpass, the split register organization is more constrained

with fewer registers, b ecause of the v arying needs of di�erent programs. This is evident in the

Perfect and Misc groups, which contain the larger programs. In general, Postpass uses registers

less e�ciently than the other two strategies, b ecause there is no communication b etween register

allo cation and instruction scheduling.

The b ene�t of using an integrated co de generator, such as IPS or RASE, is that architects can

more comfortably cho ose a smaller register set size. In this exp eriment b oth strategies brought

large gains when v arying register set size from 16 to 32, and b oth limited the p enalty of not using

64 or more. A smaller register set size has several adv antages: faster access time, less chip area,

T able 7.3: E�ect of register set size across three machine organizations (shared register

set with longer op eration latencies (A88sh), shared with shorter latencies (Ar2sh) and split with

shorter latencies (Ar2sp)). Register sizes 32/16 and 64/32 were not used with the shared register

sets. The execution times for an architecture are normalized to the same machine organization

with 32 registers. Each �gure is the harmonic mean of all programs within a particular workload

group. The data shown here is for the co de generation strategies Postpass and IPS. The data for

RASE is in the next table.

Prog Register Set Size

Group 16 32 32/16 64 64/32 128

Liverm 1.12 1.00 0.91 0.90

Nasker 1.18 1.00 0.86 0.84

A88sh Perfect 1.17 1.00 0.94 0.91

Misc 1.13 1.00 0.93 0.90

Int 0.98 1.00 1.03 1.05

Liverm 1.12 1.00 0.92 0.91

Nasker 1.17 1.00 0.88 0.86

Postpass Ar2sh Perfect 1.15 1.00 0.94 0.91

Misc 1.14 1.00 0.92 0.90

Int 0.98 1.00 1.03 1.04

Liverm 1.39 1.00 0.92 0.91 0.87 0.87

Nasker 1.29 1.00 0.88 0.88 0.83 0.82

Ar2sp Perfect 1.30 1.00 0.94 0.91 0.88 0.87

Misc 1.20 1.00 0.92 0.88 0.87 0.86

Int 1.04 1.00 1.02 1.02 1.04 1.04

Liverm 1.04 1.00 1.00 1.00

Nasker 1.17 1.00 0.99 1.00

A88sh Perfect 1.15 1.00 0.96 0.94

Misc 1.19 1.00 0.99 0.99

Int 1.00 1.00 1.00 1.00

Liverm 1.04 1.00 1.00 1.00

Nasker 1.13 1.00 0.99 1.00

IPS Ar2sh Perfect 1.16 1.00 0.97 0.96

Misc 1.23 1.00 1.00 0.99

Int 1.00 1.00 1.00 1.00

Liverm 1.28 1.00 0.99 0.99 0.98 0.99

Nasker 1.22 1.00 0.94 0.93 0.94 0.94

Ar2sp Perfect 1.33 1.00 0.96 0.93 0.92 0.91

Misc 1.31 1.00 0.96 0.94 0.94 0.94

Int 1.07 1.00 1.00 1.00 1.00 1.00

T able 7.4: E�ect of register set size across three machine organizations (shared register

set with longer op eration latencies (A88sh), shared with shorter latencies (Ar2sh) and split with

shorter latencies (Ar2sp)). Register sizes 32/16 and 64/32 were not used with the shared register

sets. The execution times for an architecture are normalized to the same machine organization

with 32 registers. Each �gure is the harmonic mean of all programs within a particular workload

group. The data shown here is for the RASE co de generation strategy

. The data for Postpass and

IPS is in the previous table.

Prog Register Set Size

Group 16 32 32/16 64 64/32 128

Liverm 1.01 1.00 1.00 1.00

Nasker 1.16 1.00 1.00 1.00

A88sh Perfect 1.13 1.00 0.96 0.95

Misc 1.13 1.00 0.98 0.98

Int 1.00 1.00 1.00 1.00

Liverm 1.01 1.00 1.00 1.00

Nasker 1.15 1.00 1.00 1.01

RASE Ar2sh Perfect 1.17 1.00 0.97 0.97

Misc 1.18 1.00 0.98 0.98

Int 1.00 1.00 1.00 1.00

Liverm 1.20 1.00 1.00 1.00 1.00 1.00

Nasker 1.33 1.00 0.95 0.95 0.95 0.95

Ar2sp Perfect 1.32 1.00 0.98 0.96 0.95 0.94

Misc 1.22 1.00 0.99 0.97 0.97 0.97

Int 1.10 1.00 1.00 1.00 1.00 1.00

and p erhaps most imp ortant, one fewer bit p er op erand in the instruction format. If techniques

that increase basic blo ck size, such as lo op unrolling and trace scheduling, b ecome more widely

used, the need for more registers will increase; sophisticated strategies will then have even more

utility .

When using Postpass, the Int group p erformance de cr e ases as register set size increases. This

is b ecause the Round-robin register allo cation p olicy uses more registers than necessary for integer

co de, increasing the numb er of registers that must b e preserved over pro cedure calls.

Many of the Postpass results show that adding additional integer registers is more imp ortant

than adding oating p oint registers. This is b ecause these programs contain many integer address

calculations. If lo op optimizations, such as induction v ariable analysis and lo op inv ariant remov al,

were p erformed, the amount of integer computation would b e reduced, but integer register pressure

may b e increased by the additional registers needed to hold induction v ariables and inv ariants.

Therefore, even with lo op optimizations, adding integer registers remains more imp ortant than

adding oating p oint registers. Section 7.2.6 discusses lo op optimizations in greater detail.

7.2.2 Register Set Organization

T able 7.5 shows the e�ect of changing register set organization. (Figures 7.4 through 7.6 at

the end of the chapter summarize the data in the table.) The architectures examined are identical

T able 7.5: E�ect of register set organization (shared (Ar2sh), split (Ar2sp) and shared with an

additional write-back bus (Ar2shb)) across di�erent register set sizes and co de generation strategies.

The execution times for an architecture are normalized to Ar2sh with the same numb er of registers.

Each �gure is the harmonic mean of all programs within a particular workload group. The register

set size of choice for a particular co de generation strategy is in b old face typ e.

Prog Postpass IPS RASE

Sz Group Ar2sh Ar2sp Ar2shb Ar2sh Ar2sp Ar2shb Ar2sh Ar2sp Ar2shb

Lmore 1.00 1.19 0.93 1.00 1.14 0.91 1.00 1.09 0.91

Nasker 1.00 1.10 0.97 1.00 1.09 0.96 1.00 1.16 0.94

16 Perfect 1.00 1.09 0.95 1.00 1.15 0.97 1.00 1.12 0.97

Misc 1.00 1.01 0.94 1.00 1.00 0.92 1.00 1.01 0.94

Int 1.00 1.03 1.00 1.00 1.06 1.00 1.00 1.11 1.00

Lmore 1.00 0.96 0.91 1.00 0.92 0.91 1.00 0.92 0.91

Nasker 1.00 1.01 0.95 1.00 1.00 0.95 1.00 1.00 0.95

32 Perfect 1.00 0.96 0.94 1.00 1.01 0.98 1.00 0.98 0.97

Misc 1.00 0.96 0.91 1.00 0.94 0.91 1.00 0.92 0.92

Int 1.00 0.98 1.00 1.00 0.99 1.00 1.00 1.01 1.00

Lmore 1.00 0.95 0.91 1.00 0.91 0.91 1.00 0.92 0.91

Nasker 1.00 0.99 0.94 1.00 0.95 0.95 1.00 0.95 0.96

64 Perfect 1.00 0.94 0.93 1.00 0.97 0.96 1.00 0.96 0.95

Misc 1.00 0.93 0.92 1.00 0.89 0.90 1.00 0.90 0.91

Int 1.00 0.97 1.00 1.00 0.99 1.00 1.00 1.01 1.00

Lmore 1.00 0.92 0.91 1.00 0.91 0.91 1.00 0.92 0.91

Nasker 1.00 0.97 0.95 1.00 0.94 0.95 1.00 0.95 0.95

128 Perfect 1.00 0.93 0.94 1.00 0.95 0.95 1.00 0.95 0.94

Misc 1.00 0.92 0.92 1.00 0.89 0.90 1.00 0.90 0.91

Int 1.00 0.98 1.00 1.00 0.99 1.00 1.00 1.01 1.00

except for this feature. All have the longer op eration latencies. Ar2sh has a shared register �le.

Ar2sp has registers split into integer and oating p oint partitions. Ar2shb is the same as Ar2sh,

but with an additional write-back bus and register p ort, giving it the same numb er of p orts as

Ar2sp. The execution times for each architecture are normalized to Ar2sh with the same strategy

and numb er of registers.

Surprisingly

, for register set sizes greater than 16 registers, the split organization is b etter

than the shared organization in most cases. This is counterintuitiv e when considering register set

organization alone; the p erformance of the shared organization should b e at least as go o d as the

split organization, b ecause a program would have access to more registers when executing in either

a oating p oint or integer intensive section of co de.

One hyp othesis is that the crucial p erformance factor is ac c ess to the register �le rather than

its organization. Split organizations use a separate write-back bus for each register partition; the

shared organization architecture, Ar2sh, has only one write-back bus. T o test this hyp othesis,

a second write-back bus and corresp onding register p ort were added to Ar2sh. (See the Ar2shb

column.) The additional bus enabled programs to execute at least as fast as the split organization in

nearly all cases. In particular, for a register set size of 32, the second bus brought an improvement over Ar2sp averaging 2% across the three co de generation strategies. There were cases where

Ar2sp p erformed b etter than Ar2shb. These fall into two categories. First, on the Int group with

at least 32 registers, the Postpass uses more registers with Ar2shb than Ar2sp, b ecause of the

shared organization. This increases pro cedure call overhead. Second, using IPS or RASE, when

there are enough registers (64 or more), Ar2sp and Ar2shb p erform equally well (alwa ys within

1%); the v ariations are due primarily to the use of heuristics in the algorithms.

F or small register set sizes (e.g., 16) the shared organization is b etter than the split. The smaller

numb er of registers is a greater b ottleneck for Ar2sp than the write-back bus is for Ar2sh. With

32 or more registers, the opp osite is true.

In conclusion, a shared organization, coupled with an extra write-back bus and p ort, is b etter

than either a single-p orted shared �le or a split organization.

7.2.3 Op eration Latency

An architecture with a separate oating p oint copro cessor, such as the R2000, has the chip area to

implement oating p oint op erations e�ciently; consequently

, it has shorter oating p oint op eration

latencies. Therefore, given a oating p oint intensive workload, one would exp ect that Ar2sp, which

has shorter latencies, would have lower execution times than A88sh, which mo dels a single-chip

implementation and has longer latencies. Consider, however, columns A88sh and Ar2sp of T able 7.6.

F or nearly 50% of the program groups, Ar2sp has slower execution times than A88sh. The slower

times are primarily due to integer multiplies; on Ar2sp integer multiply is done in the CPU and

has a longer latency than oating p oint multiply

. Array address calculations are resp onsible for

most of the multiplies; many of them would b e eliminated by lo op optimizations. Nevertheless, it

is interesting to examine the implications of programs with numerous long integer op erations.

One adv antage of combining b oth integer and oating p oint op erations on the same chip is that

a faster oating p oint unit can easily b e used for integer multiplies, as o ccurs on the 88000. This

improves the execution sp eed of programs that are dominated by integer op erations. The R2000,

on the other hand, do es integer multiply within the main pro cessor, instead of the oating p oint

copro cessor. The op eration latency for the CPU integer multiply is large compared to the oating

p oint latencies.

T o test whether the Ar2sp’s slower integer multiply is a b ottleneck, we created a v ariation of

Ar2sp called Ar2spf. T o p erform integer multiply or divide on Ar2spf, the op erands are transferred

to oating p oint registers, the op eration is executed in the FPU and the result is transmitted back.

A transfer b etween register sets has a 2-cycle latency .

Ar2spf shows improved p erformance for all program groups where Ar2sp is slower than A88sh.

Even in those cases in which the Ar2sp had b een faster, doing integer multiplies and divides in

the oating p oint unit resulted in b etter or comparable p erformance. The only exception is the

Livermore group, on which Ar2spf exhibited a slight degradation from Ar2sp. These programs have

enough oating p oint op erations to hide most integer multiplies on Ar2sp; issuing oating p oint

instructions is the b ottleneck. Therefore, the additional transfer instructions and oating p oint

multiply instructions required by Ar2spf cause a reduction in the oating p oint instruction issue

rate and thus a p erformance degradation. In general, however, the e�ect of using the oating p oint

copro cessor to execute integer multiplies improves execution time. Figures 7.7 through 7.9 at the

end of the chapter summarize the data in T able 7.6.

T able 7.6: E�ect of op eration latencies (longer latencies (A88sh), shorter latencies (Ar2sp) and

shorter latencies with integer multiply and divide done in the oating p oint copro cessor (Ar2spf ))

across register set sizes and co de generation strategies. The execution times for each architecture

are normalized to A88sh with the same numb er of registers. Each �gure is the harmonic mean of

all programs within a particular workload group. The register set size of choice for a particular

co de generation strategy is in b old face typ e.

Prog Postpass IPS RASE

Sz Group A88sh Ar2sp Ar2spf A88sh Ar2sp Ar2spf A88sh Ar2sp Ar2spf

Lmore 1.00 1.10 1.09 1.00 1.08 1.07 1.00 1.03 1.02

Nasker 1.00 1.20 1.12 1.00 1.20 1.10 1.00 1.33 1.17

16 Perfect 1.00 1.04 1.01 1.00 1.06 0.96 1.00 1.08 1.01

Misc 1.00 0.90 0.89 1.00 0.91 0.87 1.00 0.92 0.88

Int 1.00 1.06 0.98 1.00 1.07 1.00 1.00 1.12 1.03

Lmore 1.00 0.90 0.90 1.00 0.88 0.89 1.00 0.87 0.88

Nasker 1.00 1.09 0.99 1.00 1.14 0.98 1.00 1.15 1.02

32 Perfect 1.00 0.93 0.88 1.00 0.93 0.86 1.00 0.91 0.86

Misc 1.00 0.85 0.83 1.00 0.82 0.79 1.00 0.79 0.79

Int 1.00 1.00 0.93 1.00 1.01 0.93 1.00 1.03 0.95

Lmore 1.00 0.90 0.90 1.00 0.87 0.88 1.00 0.87 0.88

Nasker 1.00 1.13 1.00 1.00 1.08 0.97 1.00 1.10 0.99

64 Perfect 1.00 0.90 0.85 1.00 0.91 0.85 1.00 0.91 0.85

Misc 1.00 0.81 0.80 1.00 0.78 0.77 1.00 0.78 0.78

Int 1.00 0.99 0.91 1.00 1.01 0.93 1.00 1.03 0.95

Lmore 1.00 0.88 0.87 1.00 0.87 0.88 1.00 0.87 0.88

Nasker 1.00 1.08 0.97 1.00 1.07 0.96 1.00 1.09 0.98

128 Perfect 1.00 0.89 0.84 1.00 0.90 0.84 1.00 0.90 0.85

Misc 1.00 0.81 0.81 1.00 0.78 0.77 1.00 0.78 0.78

Int 1.00 0.99 0.92 1.00 1.01 0.93 1.00 1.03 0.95

7.2.4 Load Latency

If a pro cessor has no cache, the load latency will b e considerably longer than one with a cache. This

exp eriment examines the e�ect of register set size on two architectures with long load latencies.

The architectures are the same as two of those examined in the �rst exp eriment, in Section 7.2.1,

except for load latency

. A88shL has the Longerop op eration latencies and a shared register �le.

Ar2spL has the Shorterop op eration latencies and a split register �le.

The results, shown in T able 7.7 exhibit the same trends as the �rst exp eriment, except that

the p oint of diminishing returns is shifted to 64 registers with IPS and RASE. With Postpass, 128

registers provide up to a 5% p erformance increase for A88shL and 10% on Ar2spL. Also, additional

registers are much more imp ortant for the split register �le organization, than the shared, with all

three strategies. Figures 7.10 through 7.12 at the end of the chapter summarize the data in the

table.

T able 7.7: E�ect of register set size across two machine organizations, each with long

load latencies, and three co de generation strategies. The execution time of each program is

normalized to the same architecture with 32 registers. Each �gure is the harmonic mean of all

programs within a particular workload group.

Program Register Set Size

Machine Group 16 32 64 128

Livermore 1.19 1.00 0.78 0.77

Nasker 1.47 1.00 0.79 0.73

A88shL Perfect 1.29 1.00 0.87 0.82

Misc 1.25 1.00 0.88 0.86

Int 1.07 1.00 0.94 0.93

Postpass Livermore 1.58 1.00 0.89 0.83

Nasker 1.62 1.00 0.79 0.68

Ar2spL Perfect 1.47 1.00 0.85 0.80

Misc 1.32 1.00 0.84 0.81

Int 1.17 1.00 0.94 0.87

Livermore 1.20 1.00 1.00 1.00

Nasker 1.63 1.00 0.99 0.99

A88shL Perfect 1.33 1.00 0.88 0.84

Misc 1.44 1.00 0.96 0.96

Int 1.01 1.00 1.00 1.00

IPS Livermore 1.89 1.00 0.90 0.90

Nasker 2.23 1.00 0.86 0.87

Ar2spL Perfect 1.66 1.00 0.83 0.77

Misc 1.70 1.00 0.87 0.87

Int 1.27 1.00 1.00 1.00

Livermore 1.06 1.00 1.00 1.00

Nasker 1.38 1.00 0.99 1.00

A88shL Perfect 1.30 1.00 0.95 0.94

Misc 1.29 1.00 0.96 0.96

Int 1.01 1.00 1.00 1.00

RASE Livermore 1.13 1.00 0.89 0.89

Nasker 1.67 1.00 0.86 0.87

Ar2spL Perfect 1.44 1.00 0.84 0.82

Misc 1.62 1.00 0.92 0.92

Int 1.35 1.00 1.00 1.00

T able 7.8: E�ect of co de generation strategy across machine organizations and register

set sizes. This table compares the same architectures as T able 7.6, except the execution times for

each strategy are normalized to Postpass with the same architecture and register set size. Each

�gure is the harmonic mean of all programs within a particular workload group.

Program A88sh Ar2sh Ar2sp

Sz Group PP IPS RASE PP IPS RASE PP IPS RASE

Livermore 1.00 0.83 0.81 1.00 0.85 0.82 1.00 0.82 0.76

Nasker 1.00 0.83 0.80 1.00 0.85 0.83 1.00 0.84 0.87

16 Perfect 1.00 0.91 0.87 1.00 0.90 0.88 1.00 0.95 0.91

Misc 1.00 0.90 0.85 1.00 0.91 0.87 1.00 0.90 0.86

Int 1.00 0.86 0.88 1.00 0.85 0.87 1.00 0.87 0.93

Livermore 1.00 0.90 0.90 1.00 0.92 0.91 1.00 0.88 0.87

Nasker 1.00 0.83 0.83 1.00 0.89 0.87 1.00 0.88 0.86

32 Perfect 1.00 0.92 0.88 1.00 0.89 0.87 1.00 0.93 0.89

Misc 1.00 0.84 0.85 1.00 0.84 0.84 1.00 0.82 0.80

Int 1.00 0.83 0.85 1.00 0.83 0.84 1.00 0.84 0.88

Livermore 1.00 0.99 0.99 1.00 1.00 0.99 1.00 0.95 0.95

Nasker 1.00 0.95 0.95 1.00 0.97 0.96 1.00 0.93 0.92

64 Perfect 1.00 0.94 0.93 1.00 0.92 0.91 1.00 0.94 0.93

Misc 1.00 0.91 0.91 1.00 0.91 0.90 1.00 0.86 0.87

Int 1.00 0.80 0.82 1.00 0.79 0.81 1.00 0.82 0.85

Livermore 1.00 1.00 1.00 1.00 1.01 1.00 1.00 1.00 1.00

Nasker 1.00 0.98 0.98 1.00 1.01 0.99 1.00 0.98 0.98

128 Perfect 1.00 0.95 0.94 1.00 0.94 0.94 1.00 0.96 0.95

Misc 1.00 0.92 0.92 1.00 0.92 0.91 1.00 0.88 0.88

Int 1.00 0.77 0.79 1.00 0.77 0.79 1.00 0.79 0.82

7.2.5 Co de Generation Strategy

In all exp eriments the IPS and RASE co de generation strategies generate more e�cient co de than

Postpass. As shown in T able 7.8, for 32 registers IPS and RASE are 15% b etter than Postpass, on

the average, over all three architectures. These two strategies generate more e�cient co de, b ecause

they integrate register allo cation and instruction scheduling. (Figures 7.13 and 7.14 at the end of

the chapter summarize the data in this section.)

As register set size increases, the b ene�t of IPS or RASE over Postpass diminishes, b ecause

Postpass has enough registers to avoid constraining the scheduler. This result applies for all ar-

chitectures and all program groups, except for the Int group. F or integer co de, the b ene�t of IPS

or RASE over Postpass incr e ases with register set size, b ecause of Postpass’s Round-robin register

allo cation p olicy

. Recall (from Section 6.2.1) that Round-robin was chosen over First-�t, b ecause

it yields b etter results for oating p oint programs.

RASE is slightly b etter than IPS, given 32 registers or less. With 16 registers, RASE is an

average of 2% b etter than IPS over all three architectures. Given 32 registers, the average is 1%.

However, on the Perfect group, RASE is an average of nearly 4% b etter, with b oth 16 and 32

registers. On large basic blo cks, which many Perfect group programs contain, IPS uses to o many

T able 7.9: E�ect of co de generation strategy across machine organizations and register

set sizes. Both architectures have long load latencies. The execution times for each strategy are

normalized to Postpass with the same architecture and register set size. Each �gure is the harmonic

mean of all programs within a particular workload group.

Program A88shL Ar2spL

Sz Group PP IPS RASE PP IPS RASE

Livermore 1.00 0.81 0.69 1.00 1.02 0.61

Nasker 1.00 0.81 0.66 1.00 1.04 0.78

16 Perfect 1.00 0.98 0.85 1.00 1.12 0.89

Misc 1.00 0.93 0.83 1.00 1.01 0.93

Int 1.00 0.75 0.76 1.00 0.84 0.91

Livermore 1.00 0.77 0.77 1.00 0.86 0.85

Nasker 1.00 0.71 0.71 1.00 0.75 0.76

32 Perfect 1.00 0.94 0.84 1.00 0.98 0.90

Misc 1.00 0.81 0.81 1.00 0.78 0.75

Int 1.00 0.80 0.81 1.00 0.75 0.76

Livermore 1.00 0.99 0.99 1.00 0.89 0.89

Nasker 1.00 0.89 0.88 1.00 0.83 0.84

64 Perfect 1.00 0.95 0.91 1.00 0.95 0.91

Misc 1.00 0.88 0.88 1.00 0.80 0.81

Int 1.00 0.85 0.85 1.00 0.80 0.81

Livermore 1.00 1.00 1.00 1.00 0.94 0.94

Nasker 1.00 0.96 0.96 1.00 0.96 0.97

128 Perfect 1.00 0.98 0.96 1.00 0.96 0.95

Misc 1.00 0.90 0.90 1.00 0.83 0.84

Int 1.00 0.86 0.87 1.00 0.85 0.86

registers to avoid memory references and not enough to exploit instruction-level parallelism. RASE

is able to �nd a b etter balance.

On machines with a long load latency

, RASE exhibits a greater p erformance gain over Postpass

than IPS. (See T able 7.9.) This is particularly evident on the Perfect group, which contains ap-

plications with large basic blo cks; with 32 registers RASE is 10% b etter than IPS on A88shL and

8% b etter on Ar2spL. In addition, on A88shL, IPS exhibits less p erformance gain over Postpass

with 16 registers than with 32 registers, and on Ar2spL with 16 registers, IPS p erforms worse than

Postpass. This is b ecause IPS sets the lo cal register limit to o low to handle the more constrained

architectures, those with long load latencies and 16 registers.

In summary

, this study reinforces the results of comparing the strategies from Chapter 6.

Integrating instruction scheduling and register allo cation pro duces more e�cient schedules. Both

IPS and RASE pro duce b etter co de than Postpass. RASE p erforms b etter than IPS on programs

with large basic blo cks. In addition, RASE is much less sensitive to architectural changes, such

as long load latencies and a small numb er of registers. Since RASE has a greater compile-time

exp ense, it is probably not necessary for many architectures. Nevertheless, on architectures with

long load latencies and/or small register set sizes, RASE is necessary to take adv antage of the

architecture’s p erformance p otential. Also, if the trend in compiler technology continues in the direction of greater lo op unrolling and trace scheduling, using a strategy such as RASE will b e

adv antageous.

7.2.6 E�ect of Lo op Optimizations

As explained in Section 7.1, Marion compilers do not p erform global optimizations. T o gauge

the e�ect of lo op optimizations on our previous results, induction v ariable analysis, strength re-

duction and lo op inv ariant remov al were done by hand on the Nasker group. The optimizations

eliminated most integer multiplies. T able 7.10 shows the e�ect of register set size across register

set organizations, op eration latencies and co de generation strategies, for b oth hand-optimized and

unoptimized co de. (The unoptimized numb ers are the same as those in T able 7.3.) The execu-

tion time for each register set size (within a co de generation strategy and optimization level) is

normalized to the same architecture, with 32 registers.

Naturally

, for all program groups and machine organizations the optimizations result in lower

execution times. The savings di�er considerably b etween machine organizations, but little b etween

register set sizes. (See T able 7.11.) F or A88sh, the savings average 11%. F or the three architectures

with the slower integer multiply

, Ar2sh, Ar2shb and Ar2sp, the savings average 38%. F or Ar2spf,

where integer multiply uses the FPU, the savings average 26%.

Although the lo op optimizations yield lower execution times, they do not change the general

trends we have observed. F or example, v ariations in register set size pro duce similar relative

p erformance �gures for b oth optimized and unoptimized co de. Thirty-tw o registers is still the

register set size of choice when using IPS and RASE; 64 registers are needed when using Postpass.

3

On the optimized co de, for each co de generation strategy

, Ar2sp and Ar2spf p erformance are almost

identical; also, the trend as register set size increases is close to the trend of the unoptimized co de

on Ar2spf. This makes sense, since the optimizations reduce the e�ect of a slow integer multiplier.

When comparing across machine organizations (T able 7.12), while holding the register set size

�xed, the hand-optimized Nasker kernels follow the same trends as the unoptimized kernels: for 32

or more registers the write-back bus is still the b ottleneck in the shared organization; IPS and RASE

still p erform signi�cantly b etter than Postpass. One exception is that, for machine organizations

Ar2sh, Ar2shb and Ar2sp, which have a slow integer multiply

, the unoptimized co de is slower,

relative to A88sh; the optimized co de is faster. Additionally

, for Ar2spf, which uses the FPU for

integer multiply

, the unoptimized co de is marginally faster, relative to A88sh; the optimized co de

is signi�cantly faster. Both results are b ecause the unoptimized co de pays a high p enalty for either

the slow integer multiply or the additional transfers to and from the FPU.

7.3 Related W ork

Hwu and Chang ev aluated micro-architectural parallelism, including multiple instruction issue,

multiple result distribution buses, multiple execution units and pip elined execution units [HC88].

All of their architecture v ariations had a split register organization with 32 integer and 32 oating

p oint registers. Co de was generated with a prepass co de generation strategy

, in which instruc-

tion scheduling precedes register allo cation. Using the Livermore Lo ops and Linpack subroutines

3

It remains to b e seen whether this particular result will hold for programs with larger basic blo cks, such

as the Perfect Club b enchmarks.

T able 7.10: E�ect of register set size across machine organizations and co de generation

strategies for unoptimized and hand-optimized Nasker group. The execution times for

each architecture are normalized to the same machine organization with 32 registers. Each �gure

is the harmonic mean of all programs in the Nasker group.

Register Set Size

Mach 16 32 64 128

Unopt 1.18 1.00 0.86 0.84

A88sh Opt 1.23 1.00 0.88 0.87

Unopt 1.17 1.00 0.88 0.86

Ar2sh Opt 1.22 1.00 0.85 0.83

Postpass Unopt 1.19 1.00 0.89 0.87

Ar2shb Opt 1.25 1.00 0.86 0.85

Unopt 1.29 1.00 0.88 0.82

Ar2sp Opt 1.33 1.00 0.86 0.81

Unopt 1.33 1.00 0.87 0.82

Ar2spf Opt 1.30 1.00 0.85 0.80

Unopt 1.17 1.00 0.99 1.00

A88sh Opt 1.14 1.00 0.99 1.00

Unopt 1.13 1.00 0.99 1.00

Ar2sh Opt 1.14 1.00 1.00 1.00

IPS Unopt 1.14 1.00 0.99 0.99

Ar2shb Opt 1.18 1.00 1.00 1.00

Unopt 1.22 1.00 0.93 0.94

Ar2sp Opt 1.36 1.00 0.96 0.96

Unopt 1.32 1.00 0.98 0.98

Ar2spf Opt 1.34 1.00 0.96 0.95

Unopt 1.16 1.00 1.00 1.00

A88sh Opt 1.13 1.00 1.00 1.00

Unopt 1.15 1.00 1.00 1.01

Ar2sh Opt 1.15 1.00 1.00 1.00

RASE Unopt 1.16 1.00 1.00 1.00

Ar2shb Opt 1.15 1.00 1.00 1.00

Unopt 1.33 1.00 0.95 0.95

Ar2sp Opt 1.37 1.00 0.96 0.96

Unopt 1.34 1.00 0.97 0.96

Ar2spf Opt 1.38 1.00 0.96 0.96

T able 7.11: E�ect of lo op optimizations on the Nasker group for four register set sizes,

�ve machine organizations and three co de generation strategies. The table shows the p erformance

improvement of the hand-optimized over the unoptimized Nasker group. Each �gure is the harmonic

mean of all programs in the Nasker group.

Register Set Size

16 32 64 128

A88sh 0.88 0.86 0.89 0.89

Ar2sh 0.68 0.64 0.61 0.62

Postpass Ar2shb 0.66 0.63 0.60 0.61

Ar2sp 0.67 0.63 0.61 0.61

Ar2spf 0.73 0.74 0.73 0.73

A88sh 0.88 0.90 0.91 0.90

Ar2sh 0.63 0.61 0.62 0.62

IPS Ar2shb 0.62 0.60 0.61 0.61

Ar2sp 0.68 0.60 0.61 0.61

Ar2spf 0.78 0.76 0.74 0.74

A88sh 0.88 0.90 0.90 0.90

Ar2sh 0.64 0.62 0.62 0.62

RASE Ar2shb 0.64 0.61 0.61 0.61

Ar2sp 0.64 0.61 0.61 0.61

Ar2spf 0.77 0.75 0.74 0.74

as b enchmarks, Hwu and Chang concluded that, when used together, multiple instruction issue

and pip elined execution units pro duced a sp eedup greater than the sum of the sp eedups of each

taken separately

. In addition, oating p oint pip elining was more imp ortant than pip elining the

cache. They also found that issuing more than two instructions p er cycle pro duced little additional

sp eedup, even though lo op unrolling was done by the compiler.

Others have examined multiple instruction issue, op eration and memory access latencies and

pip elined versus non-pip elined architectures, but with no v ariation in the numb er of registers or

co de generation strategy

. Pleszkun and Sohi [PS88] studied v ariations of the Cray-1, which has

eight 64-bit scalar registers. They found that multiple functional units improve p erformance, but

pip elining functional units that execute in parallel do es not signi�cantly improve scalar co de. They

also found that p erformance is enhanced by issuing up to four instructions, when memory latencies

are short. They did not describ e their co de generator.

Sohi and V a jap eyam [SV89] examined v ariations of a VLIW with unlimited registers. They p er-

formed lo op unrolling and instruction scheduling. They found that as op eration latencies increase,

the need for multiple instruction issue decreases. They also concluded that given an unrestricted

horizontal instruction format, a split register �le is sup erior to a shared one; however, with a

restricted instruction format, neither is signi�cantly b etter than the other.

Go o dman and Hsu [GH88

] implemented the original Integrated Prepass Scheduler (IPS). They

compared it to a numb er of strategies, including a version of Postpass. Their exp eriment is discussed

in more detail in Section 6.2.2.

T able 7.12: E�ect of machine organization across register set sizes and co de generation

strategies for unoptimized and hand-optimized Nasker group. The execution times for

each architecture are normalized to A88sh with the same register set size. Each �gure is the

harmonic mean of all programs in the Nasker group.

Size A88sh Ar2sh Ar2shb Ar2sp Ar2spf

Unopt 1.00 1.10 1.05 1.20 1.12

16 Opt 1.00 0.90 0.85 0.96 0.95

Unopt 1.00 1.11 1.04 1.09 0.99

32 Opt 1.00 0.91 0.84 0.89 0.90

Postpass Unopt 1.00 1.14 1.07 1.13 1.00

64 Opt 1.00 0.88 0.82 0.86 0.86

Unopt 1.00 1.14 1.07 1.08 0.97

128 Opt 1.00 0.88 0.83 0.83 0.83

Unopt 1.00 1.11 1.06 1.20 1.10

16 Opt 1.00 0.87 0.84 1.00 0.99

Unopt 1.00 1.16 1.09 1.14 0.98

32 Opt 1.00 0.87 0.81 0.85 0.85

IPS Unopt 1.00 1.16 1.09 1.08 0.97

64 Opt 1.00 0.87 0.82 0.82 0.82

Unopt 1.00 1.15 1.08 1.07 0.96

128 Opt 1.00 0.87 0.81 0.81 0.81

Unopt 1.00 1.14 1.09 1.33 1.17

16 Opt 1.00 0.90 0.85 1.06 1.07

Unopt 1.00 1.15 1.09 1.15 1.02

32 Opt 1.00 0.89 0.84 0.88 0.88

RASE Unopt 1.00 1.15 1.10 1.10 0.99

64 Opt 1.00 0.89 0.84 0.84 0.84

Unopt 1.00 1.15 1.09 1.09 0.98

128 Opt 1.00 0.89 0.84 0.84 0.84

All four studies measured only oating p oint intensive kernels, such as the Livermore Lo ops

and Linpack subroutines, rather than complete applications, as was done in this study .

7.4 Summary

This study has examined the e�ect on RISC architecture p erformance of register set size and

organization, op eration and load latencies, and strategies for register allo cation and instruction

scheduling. The results show that a sophisticated co de generation strategy reduces the numb er

of registers needed to achieve go o d p erformance. By using such a strategy

, architects can more

comfortably use a smaller register set size, which can lower the register access time, use fewer bits

in the instruction format and allow more logic to b e sp ent on other comp onents.

The results also show that changing the register set size has roughly the same e�ect on b oth of

the architectures with the shared register organization, even though the op eration latencies di�ered.

However, the change in register set size has a much greater impact on the architecture with the

split organization.

Given a reasonable numb er of registers, the crucial factor (for register �les) is the numb er of

register write-back buses rather than the register set organization. In particular, the split organi-

zation, which inherently has a second write-back bus, yields faster execution times than the shared

organization with the same register set size. Adding a second bus to the shared organization tips

the balance the other way

. Given only 16 registers, the split register organization yields slower

execution times than the shared organization with either one or two write-back buses, b ecause

large programs can usually use more than 8 of either integer or oating p oint registers.

Shorter op eration latencies usually result in faster execution. However, if most op eration la-

tencies are reduced at the exp ense of making a few latencies longer, then the instruction mix of a

program determines whether there is an improvement. F or example, programs dominated by long

integer op erations, such as multiply and divide, will execute more slowly if the latency of these

op erations is longer. The results show that the p erformance of these programs can b e improved by

using the oating p oint copro cessor, even with the additional exp ense of transferring the op erands

and result b etween chips. If the integer co de is dominated by multiplies stemming from array

address calculations, then global optimizations can reduce the numb er of such op erations and a

machine that has a separate (but slower) integer multiplier should p erform as well as a machine

that uses the FPU for integer multiply .

Among the v ariations examined, the choice of co de generation strategy has the greatest e�ect on

p erformance. Adding additional registers has a signi�cant e�ect when using the Postpass strategy ,

but not when using the other strategies.

101

                               Number of registers
                   16  32  64 128

Normalized

 execution

    time

              0.70

              0.80

              0.90

              1.00

              1.10

              1.20

              1.30 A88sh

                                                       Ar2sh

                                                       Ar2sp

                                     Postpass

Figure 7.1: Summary of the e�ect of register set size (Postpass). This graph summarizes

the results from Section 7.2.1. It shows the harmonic mean of the normalized execution times of

all four oating p oint intensive program groups for three architectures for Postpass. Times are

normalized to 16 registers with the same architecture.

102

IPS

Figure 7.2: Summary of the e�ect of register set size (IPS). This graph summarizes the

results from Section 7.2.1. It shows the harmonic mean of the normalized execution times of all

four oating p oint intensive program groups for three architectures for IPS. Times are normalized

to 16 registers with the same architecture.

103

RASE

Figure 7.3: Summary of the e�ect of register set size (RASE). This graph summarizes the

results from Section 7.2.1. It shows the harmonic mean of the normalized execution times of all four

oating p oint intensive program groups for three architectures for RASE. Times are normalized to

16 registers with the same architecture.

104

P o s t p a s s

0 . 7 0

0 . 7 5

0 . 8 0

0 . 8 5

0 . 9 0

0 . 9 5

1 . 0 0

1 . 0 5

1 . 1 0

1 . 1 5

1 . 2 0

1 . 2 5

1 . 3 0

1 . 3 5

1 6 3 2 6 4 1 2 8

N u m b e r o f R e g i s t e r s

E x e c u t i o n t i m e n o r m a l i z e d t o A r 2 s h

A r 2 s h

A r 2 s p

A r 2 s h b

I P S

0 . 7 0

0 . 7 5

0 . 8 0

0 . 8 5

0 . 9 0

0 . 9 5

1 . 0 0

1 . 0 5

1 . 1 0

1 . 1 5

1 . 2 0

1 . 2 5

1 . 3 0

1 . 3 5

1 6 3 2 6 4 1 2 8

N u m b e r o f R e g i s t e r s

E x e c u t i o n t i m e n o r m a l i z e d t o A r 2 s h

A r 2 s h

A r 2 s p

A r 2 s h b

R A S E

0 . 7 0

0 . 7 5

0 . 8 0

0 . 8 5

0 . 9 0

0 . 9 5

1 . 0 0

1 . 0 5

1 . 1 0

1 . 1 5

1 . 2 0

1 . 2 5

1 . 3 0

1 . 3 5

1 6 3 2 6 4 1 2 8

N u m b e r o f R e g i s t e r s

E x e c u t i o n t i m e n o r m a l i z e d t o A r 2 s h

A r 2 s h

A r 2 s p

A r 2 s h b

P o s t p a s s

0 . 7 0

0 . 7 5

0 . 8 0

0 . 8 5

0 . 9 0

0 . 9 5

1 . 0 0

1 . 0 5

1 . 1 0

1 . 1 5

1 . 2 0

1 . 2 5

1 . 3 0

1 . 3 5

1 6 3 2 6 4 1 2 8

N u m b e r o f R e g i s t e r s

E x e c u t i o n t i m e n o r m a l i z e d t o A 8 8 s h

A 8 8 s h

A r 2 s p

A r 2 s p f

I P S

0 . 7 0

0 . 7 5

0 . 8 0

0 . 8 5

0 . 9 0

0 . 9 5

1 . 0 0

1 . 0 5

1 . 1 0

1 . 1 5

1 . 2 0

1 . 2 5

1 . 3 0

1 . 3 5

1 6 3 2 6 4 1 2 8

N u m b e r o f R e g i s t e r s

E x e c u t i o n t i m e n o r m a l i z e d t o A 8 8 s h

A 8 8 s h

A r 2 s p

A r 2 s p f

R A S E

0 . 7 0

0 . 7 5

0 . 8 0

0 . 8 5

0 . 9 0

0 . 9 5

1 . 0 0

1 . 0 5

1 . 1 0

1 . 1 5

1 . 2 0

1 . 2 5

1 . 3 0

1 . 3 5

1 6 3 2 6 4 1 2 8

N u m b e r o f R e g i s t e r s

E x e c u t i o n t i m e n o r m a l i z e d t o A 8 8 s h

A 8 8 s h

A r 2 s p

A r 2 s p f

                               Number of registers

                   16  32  64 128

Normalized
 execution
    time

              0.80

              0.90

              1.00

              1.10

              1.20

              1.30

              1.40

              1.50

              1.60 A88shL
                                                      Ar2spL

                                      Postpass

                                         IPS

                                        RASE

              0.70

              0.75

              0.80

              0.85

              0.90

              0.95

              1.00

              1.05

              1.10

              1.15
                                                      A88sh
                                                      Ar2sp
                                                      A88shL
                                                      Ar2shL

                          IPS normalized to Postpass

                          RASE normalized to Postpass