TECHNICAL REPOR

T 94-7e

A Concurren t Ob ject-Oriented Programming

Language System

for Highly Parallel Data-Driven Computers

and its Applications

Masahiro Y asugi

April 5, 1994

T

Dep ar tment of Informa tion Science

F a cul ty of Science, University of Tokyo

7{3{1 Hongo, Bunkyo-Ku Tokyo, 113 Jap an

TECHNICAL REPOR

T 94-7e

TITLE

A Concurrent Ob ject-Oriented Programming Language System for Highly Parallel Data-

Driven Computers and its Applications

AUTHORS

Masahiro Y asugi

KEY WORDS AND PHRASES

ABCL, ob ject-oriented, concurrent ob ject, language implementation, lo ok-up table, sub-

typing, intermediate co de, N-b o dy problem, EM-4, highly-parallel, data-driven.

ABSTRACT

With recent developments of highly parallel computers, practical metho ds for developing programs on

such machines b ecome urgent. In this study

, we regard our practical concurrent ob ject-oriented program-

ming language as a basic language for highly parallel machines and pursue necessary software approaches

to achieving high p erformance by implementing the language system and developing application pro-

grams/parallel algorithms. As for the language system, we prop ose a language design suitable for parallel

execution and implementation schemes that achieve high p erformance. Our implementation target is a

�ne-grained data-driven parallel computer, EM-4, developed at Electrotechnical Lab oratories. W e present

and discuss the design of our runtime architecture and optimizing compiler, including reactive represen-

tations of ob jects, e�cient management of message bu�ers with freelists, interruptible pip elined message

sends, plan-do style intermediate co de, an e�cient implementation scheme for table lo ok-up, and advanced

register/storage allo cation. As for application programs/parallel algorithms, we present concurrent ob ject-

oriented algorithms for highly parallel computers, (e.g., N-bo dy problem) and evaluate them. W e have

developed a prototype compiler and a runtime system which run the N-bo dy problem program on the real

machine, and measured its p erformance. Performance measurements on EM-4 show that the cost of each

remote ob ject-creation and remote message-passing can b e, in order, comparable to that of a sequential

pro cedure call and the N -b o dy algorithm based on the concurrent ob ject-oriented mo dels can b e executed

e�ciently for a wide range of N . Our results indicate that the ob ject-oriented concurrent computation

mo dels and languages are extremely suitable for realizing practical parallel systems.

ANY OTHER IDENTIFYING INFORMA

TION OF THIS REPOR T

This rep ort is the author’s thesis submitted to the graduate scho ol of the Universit y of

T okyo in partial ful�llment of the requirements for the degree of do ctor of science in

information science.

DISTRIBUTION ST A TEMENT

This technical rep ort is av ailable ONL

Y via anonymous FTP from

ftp.is.s.u-tokyo.ac.jp (directory /pub/tech-reports).

SUPPLEMENT AR Y NOTES

REPOR

T DA TE

April 5, 1994

TOT AL NO. OF P A GES

124

WRITTEN LANGUAGE

English

NO. OF REFERENCES

37

DEP AR TMENT OF INFORMA

TION SCIENCE

F acult y of Science, Universit y of T okyo

7-3-1 Hongo, Bunkyo-ku T oky o, 113 Japan

A CONCURRENT OBJECT-ORIENTED PROGRAMMING

LANGUAGE SYSTEM

FOR HIGHL Y P ARALLEL DA T A-DRIVEN COMPUTERS

AND ITS APPLICA

TIONS

%&(/8.9<;>@EABG

&(*1-)+0?#26,537,!"H’:DCF K26,54

by

Masahiro Y asugi

=J I$

A Thesis

Submitted to

The Graduate School of

The Universit y of T okyo

in Partial F ul�llment of the Requirements

for the Degree of Do ctor of Science

in Information Science

March 1994

ABSTRACT

With recent developments of highly parallel computers, practical metho ds for devel-

oping programs on such machines b ecome urgent. In this study

, we regard our practical

concurrent ob ject-oriented programming language as a basic language for highly parallel

machines and pursue necessary software approaches to achieving high p erformance by

implementing the language system and developing application programs/parallel algo-

rithms. As for the language system, we prop ose a language design suitable for parallel

execution and implementation schemes that achieve high p erformance. Our implemen-

tation target is a �ne-grained data-driven parallel computer, EM-4, developed at Elec-

trotechnical Lab oratories. W e present and discuss the design of our runtime architecture

and optimizing compiler, including reactive representations of ob jects, e�cient manage-

ment of message bu�ers with freelists, interruptible pip elined message sends, plan-do

style intermediate co de, an e�cient implementation scheme for table lo ok-up, and ad-

v anced register/storage allo cation. As for application programs/parallel algorithms, we

present concurrent ob ject-oriented algorithms for highly parallel computers, (e.g., N

-b o dy

problem) and ev aluate them. W e have develop ed a prototype compiler and a runtime

system which run the N

-bo dy problem program on the real machine, and measured its

p erformance. Performance measurements on EM-4 show that the cost of each remote

ob ject-creation and remote message-passing can b e, in order, comparable to that of a

sequential pro cedure call and the N -b o dy algorithm based on the concurrent ob ject-

oriented mo dels can b e executed e�ciently for a wide range of N . Our results indicate

that the ob ject-oriented concurrent computation mo dels and languages are extremely

suitable for realizing practical parallel systems.

Con ten ts

1 Introduction 1

1.1 Motivations : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 1

1.2 Contributions : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 1

1.3 Overview of Thesis Research : : : : : : : : : : : : : : : : : : : : : : : : : 3

2 Background 5

2.1 Concurrent Ob ject-Oriented Computation Mo dels : : : : : : : : : : : : : 5

2.1.1 Computation Mo dels for ABCL : : : : : : : : : : : : : : : : : : : 5

2.2 A Highly Parallel Data-Driven Computer EM-4 : : : : : : : : : : : : : : 8

2.3 Related W ork : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 11

3 Overview of Concurrent Ob ject-Oriented Programming Language Sys-

tem ABCL/EM-4 12

3.1 Goals : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 12

3.2 Our Approach : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 12

3.3 The Programming Language : : : : : : : : : : : : : : : : : : : : : : : : : 13

3.4 The Runtime Architecture : : : : : : : : : : : : : : : : : : : : : : : : : : 14

3.5 The Compiler : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 14

3.6 The Current Status of the Language System : : : : : : : : : : : : : : : : 15

4 Programming Language ABCL/ST 16

4.1 Design Principles : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 16

4.2 Classes and Ob jects : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 17

4.2.1 Class De�nition : : : : : : : : : : : : : : : : : : : : : : : : : : : : 17

4.2.2 Ob ject Creation : : : : : : : : : : : : : : : : : : : : : : : : : : : : 18

4.3 Messages : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 18

4.3.1 Message Passing : : : : : : : : : : : : : : : : : : : : : : : : : : : 18

4.3.2 Message Acceptance : : : : : : : : : : : : : : : : : : : : : : : : : 19

4.3.3 Interface of Ob ject : : : : : : : : : : : : : : : : : : : : : : : : : : 20

4.4 T uples and T agged V alues : : : : : : : : : : : : : : : : : : : : : : : : : : 21

4.5 Types : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 21

4.5.1 De�ning Subtyp e Relations : : : : : : : : : : : : : : : : : : : : : 21

4.5.2 Type De�nitions : : : : : : : : : : : : : : : : : : : : : : : : : : : 22

4.6 Discussions : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 23

4.6.1 Arrays : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 23

4.6.2 Inheritance : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 24

5 Type System for ABCL/ST 25

5.1 Preliminaries : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 25

5.1.1 Two Simple Typ e Systems : : : : : : : : : : : : : : : : : : : : : : 25

5.1.2 Ob jects as Continuations : : : : : : : : : : : : : : : : : : : : : : : 27

5.2 The Typ es and Subtype Relation for ABCL/ST : : : : : : : : : : : : : : 28

5.2.1 Restrictions for E�ciency : : : : : : : : : : : : : : : : : : : : : : 28

5.2.2 The Typ es and Subtype Relation : : : : : : : : : : : : : : : : : : 29

5.3 Typing for ABCL/ST : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 31

5.3.1 A Simpli�ed Language for Typing Rule Description : : : : : : : : 31

5.3.2 The Typing Rules : : : : : : : : : : : : : : : : : : : : : : : : : : : 32

5.3.3 The Typ e Checking : : : : : : : : : : : : : : : : : : : : : : : : : : 33

6 Runtime Architecture for EM-4 39

6.1 Representation of Concurrent Ob jects : : : : : : : : : : : : : : : : : : : : 39

6.2 Outline of Ob ject Creation and Message Passing in ABCL/EM-4 : : : : 42

6.3 Implementation of Message Passing : : : : : : : : : : : : : : : : : : : : : 43

6.4 Scheduling of Ob jects : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 46

6.5 Storage Management : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 49

7 Performance Measurements and Discussions of Basic Op erations 50

7.1 Latency Ev aluation { Counters : : : : : : : : : : : : : : : : : : : : : : : 50

7.2 Throughput Ev aluation { Fib onacci Numbers : : : : : : : : : : : : : : : 51

7.3 Discussions on Message Passing Implementation Schemes : : : : : : : : : 53

7.3.1 Remote-W rite Lo cal-Read (R

WLR) Scheme : : : : : : : : : : : : 53

7.3.2 Lo cal-W rite Remote-Read (L

WRR) Scheme : : : : : : : : : : : : 54

7.3.3 Lo cal-W rite Remote-Copy Lo cal-Read (L

WRCLR) Scheme : : : : 56

7.4 Discussions and Comparison to Previous Approaches : : : : : : : : : : : 56

7.4.1 Overhead Reduction in Packet Dispatch/Con text Switching : : : 56

7.4.2 Overhead Reduction in Remote Message Passing : : : : : : : : : : 57

7.4.3 Comparison to Implementation on Sto ck Multicomputer : : : : : 60

7.4.4 Comparison to Implementation of Pro cedural Languages : : : : : 61

7.4.5 Summary of Comparison to Previous Approaches : : : : : : : : : 61

8 The Compiler for EM-4 62

8.1 Overview of Compiler : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 62

8.1.1 The Language Hierarch y : : : : : : : : : : : : : : : : : : : : : : : 62

8.1.2 Compilation Phases : : : : : : : : : : : : : : : : : : : : : : : : : : 64

8.2 Realizing Subtyp e Relation with Small Overhead : : : : : : : : : : : : : 67

8.2.1 Representation of Disjoint-Union Type : : : : : : : : : : : : : : : 67

8.2.2 Representation of Ob ject Typ e : : : : : : : : : : : : : : : : : : : 69

8.2.3 General Representation : : : : : : : : : : : : : : : : : : : : : : : : 71

8.3 Converting into Sequential Co de : : : : : : : : : : : : : : : : : : : : : : : 73

8.3.1 Plan-Do Style Co de : : : : : : : : : : : : : : : : : : : : : : : : : : 73

8.3.2 Standard Interpretation of Plan-Do Style Co de : : : : : : : : : : 76

8.3.3 Imp erative Up dates : : : : : : : : : : : : : : : : : : : : : : : : : : 76

8.3.4 Pattern Matching and V ariable Binding : : : : : : : : : : : : : : : 77

8.4 Realizing Pip elined Sends : : : : : : : : : : : : : : : : : : : : : : : : : : 79

8.4.1 Data Representation for Pip elined Sends : : : : : : : : : : : : : : 79

8.4.2 Alternative Interpretation of Plan-Do Style Co de for Pip elined Sends 80

8.5 Optimization of Register Allo cation : : : : : : : : : : : : : : : : : : : : : 87

8.5.1 Minimization of Register Context : : : : : : : : : : : : : : : : : : 87

8.5.2 Least Immediately Used Algorithm : : : : : : : : : : : : : : : : : 87

8.5.3 Register Allo cation to Encapsulated V ariables : : : : : : : : : : : 88

9 Applications 89

9.1 Algorithms Based on Concurrent Ob ject-Oriented Mo del : : : : : : : : : 89

9.2 N -Bo dy Problem : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 90

9.2.1 Serial Algorithm (Barnes and Hut) : : : : : : : : : : : : : : : : : 90

9.2.2 Overview of Our Parallel Algorithm : : : : : : : : : : : : : : : : : 91

9.2.3 Parallel Calculation of F orces : : : : : : : : : : : : : : : : : : : : 93

9.2.4 Parallel T ree Construction : : : : : : : : : : : : : : : : : : : : : : 95

9.2.5 Summary of N

-bo dy Problem : : : : : : : : : : : : : : : : : : : : 98

10 Performance Measurements with Real Applications 99

10.1 Ev aluation Conditions : : : : : : : : : : : : : : : : : : : : : : : : : : : : 99

10.2 Ev aluation Results : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 101

10.3 F eedbac k to Language System : : : : : : : : : : : : : : : : : : : : : : : : 103

11 Conclusion 105

A ABCL/ST Program of N-b o dy Algorithm 110

List of Figures

2.1 Execution Mo de T ransition : : : : : : : : : : : : : : : : : : : : : : : : : : 7

2.2 Handling a Packet : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 10

3.1 Our Approach to Language System Implementation : : : : : : : : : : : : 13

5.1 Typing Rules for Left Hand Side Expressions : : : : : : : : : : : : : : : : 32

5.2 Typing Rules for Pattern Expressions : : : : : : : : : : : : : : : : : : : : 33

5.3 Typing Rules for Expressions : : : : : : : : : : : : : : : : : : : : : : : : 34

5.4 Single Typ e Assignment Rules for Pattern Expressions : : : : : : : : : : 36

5.5 Single Typ e Assignment Rules for Expressions : : : : : : : : : : : : : : : 37

5.6 Minimum Type Approximation Rules for Expressions : : : : : : : : : : : 38

6.1 Representation of an Ob ject : : : : : : : : : : : : : : : : : : : : : : : : : 41

6.2 Pack et Exchange for Ob ject Creation : : : : : : : : : : : : : : : : : : : : 42

6.3 Pack et Exchange for a Request Message Send : : : : : : : : : : : : : : : 43

6.4 Pack et Exchange for a Reply Message Send : : : : : : : : : : : : : : : : : 44

6.5 The Details of Pac ket Exchanges for a Message Send : : : : : : : : : : : 47

6.6 The Combination of Hardware Scheduler and Software Scheduler : : : : : 48

7.1 Message Lo ops through a Hamilton Path : : : : : : : : : : : : : : : : : : 51

7.2 Simple-Minded Fib onacci Numbers with Ob ject Creation : : : : : : : : : 52

7.3 The Result of the Throughput Measuring Program for ABCL/EM-4 : : : 52

7.4 Typical Message Passing Implementation Schemes : : : : : : : : : : : : : 53

8.1 Compilation Phases : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 65

8.2 Syntax of Middle-Level Type : : : : : : : : : : : : : : : : : : : : : : : : : 71

8.3 The Syntax of Plan Declaration (Data T ransfer/Construct/Selection Part

Only) : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 75

8.4 High Level Co de for wait-for : : : : : : : : : : : : : : : : : : : : : : : : 78

8.5 Syntax of Middle-Level Type for ABCL/EM-4 : : : : : : : : : : : : : : : 80

8.6 T ranslation F unction from Plan-Do Style Co de into Middle-Level Co de for

Pip elined Sends. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 82

8.7 Generated Middle Level Co de for Example Simple Message Send : : : : : 84

8.8 Generated Middle Level Co de for Typical Message Send : : : : : : : : : 86

9.1 Division of Space (2-D case) : : : : : : : : : : : : : : : : : : : : : : : : : 91

9.2 T ree Structure of Cell Ob jects : : : : : : : : : : : : : : : : : : : : : : : : 92

9.3 The Range of the Distribution of Interaction-F orce Messages (2-D case) : 94

9.4 Horizontal Links b etween Adjacent Cell Ob jects of the Same Level (2-D

case) : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 95

9.5 Summation of T ree Structures : : : : : : : : : : : : : : : : : : : : : : : : 96

9.6 Pip elined Parallel Summation of T ree Structures : : : : : : : : : : : : : : 97

10.1 Omega Netw ork of EM-4 (3 � 2

3�1

case for short, 5 � 2

5�1

in reality ) : : 100

10.2 Elapsed Time of N

-bo dy Problem : : : : : : : : : : : : : : : : : : : : : : 101

10.3 Comparison b etween PE Mapping Schemes : : : : : : : : : : : : : : : : : 102

10.4 Elapsed Time p er N log N : : : : : : : : : : : : : : : : : : : : : : : : : : 102

List of T ables

7.1 Execution Time for Remote-Creation/Send/Reply Cycles : : : : : : : : : 50

7.2 Estimation of Ideal Gain : : : : : : : : : : : : : : : : : : : : : : : : : : : 55

8.1 Dep endency b etween T ranslators and Runtime Architecture : : : : : : : 64

10.1 Ev aluation with N

-bo dy Problem : : : : : : : : : : : : : : : : : : : : : : 103

10.2 Performance Comparison on Di�erent Softw are/Hardware using N -b o dy

Problem (N = 1040) : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 103

Ac kno wledgemen ts

I would like to thank my greatest sup ervisor, Professor Akinori Y oneza wa, for his inv alu-

able supp orts and directing me to this interesting research area. I would like to thank

Dr. Satoshi Matsuok a for his many insightful comments and supp orts, which really help

me.

I am grateful to Drs. Y oshinori Y amaguc hi, Mitsuhisa Sato, Y uetsu Ko dama at ETL

and Dr. Shuic hi Sak ai at R

WCP for allowing us to use EM-4 and sparing time for technical

discussions.

I am also thankful to Dr. Rishiyur S. Nikhil at DEC CRL and Professor Kei Hiraki

at the Univ. of T oky o; the ideas of using ideal gains on message passing implementation

schemes are inspired by discussions with them.

Finally

, I thank all the former/current members of Y onezawa Lab oratory and the

programming language group: Kenjiro T aura for daily heated and joyful discussions on

a wide range of research topics, Dr. Y uuji Ichisugi at ETL for his advice and rep eat-

edly answering my questions, Ken W akita at T oky o Institute of T ec hnology for his op en

seminars on programming languages and implementations, Hidehiko Masuhara for useful

discussions and comments, and T omio Kamada for his research contributions on concur-

rent garbage collection. I also thank Naoki Kobayashi, Jacques Garrigue, Je� McA�er,

Kenichi Asai, Masaaki Nagatsuk a, T atsurou Sekiguchi, Kazuhiro Konno and the other

members for their helpful comments.

The author was supp orted in part by a F ellowship of the Japan So ciety for the Pro-

motion of Science for Japanese Junior Scientists.

Chapter 1

In tro duction

1.1 Motiv ations

With recent developmen ts of highly parallel computers, practical metho ds for developing

programs on such machines b ecome urgent. In this study

, we regard our Concurrent

Ob ject-Oriented Programming (COOP) language as a basic language for highly parallel

machines and pursue necessary software approaches to achieving high p erformance by

implementing the language system and developing application programs/parallel algo-

rithms.

Our implementation target is a �ne-grained data-driven highly-parallel distributed-

memory computer, EM-4, develop ed by Electrotechnical Lab oratories in Tsukuba, Japan.

This machine has many attractive features for implementing our concurrent Ob ject-

Orient (OO) computing system.

1.2 Con tributions

The contributions of this thesis research are as follows:

Language and Typ e for E�cient Parallel Execution

A nov el language design for e�cient parallel execution is presented, which intro-

duces classes and static typ es with subtype relations. In this language, a message

is a �rst class datum (which has a type), and an ob ject has a type as the message

target. Consequently

, request messages and reply messages are well integrated, and

types are well supplied to b oth past type (namely

, only request) and now typ e

(namely

, request follow ed by reply) message passing forms. Increasing static enti-

ties (e.g., classes and typ es) improv es p erformance of parallel execution esp ecially

in distributed memory environmen ts.

Small Lo ok-up T able

An e�cient implementation scheme of lo ok-up table is developed. The lo ok-up

tables are used for pattern matching (by case expression) of data with injection tags. The size of the table can b e b ounded by a num b er slightly more than the

number of injection tags which the tested value may hav e, and the lo ok-up can b e

p erformed as direct indexing of the table. This e�cient implementation is realized

by using explicit subtype relations b etw een disjoint-union types in the typ e system.

Design Principle for Robust Runtime Architecture

On selecting implementation schemes, we introduce a notion of ide al gain as a de-

sign criterion, which is an improv ement gain on the total execution time in an ideal

environment where the system has a su�cient num b er of tasks for latency hiding

and a lo cal improv ement on system resource consumption app ears as an improv e-

ment on the execution time. Implementation schemes following this criterion do

not degenerate its p erformance under high system load, and on average they show

go o d p erformance even under low system load.

Pip elined Sends | Improving Throughput and Latency by Overlapping

Computation and Communication

A (remote) message passing implementation scheme which overlaps computation

and communication, a pip elined send, is prop osed. This scheme overlaps the ev al-

uation of message arguments and their send in a pip elined way; it improv es b oth

throughput and latency

, by eliminating lo cal bu�ering of messages on b oth sender

and receiver no des. This scheme is originally intro duced by the ideal gain notion,

but this scheme also works to reduce the latency of message communication.

Plan-Do Style Co de for Adv anced Compilation

Novel and simple plan-do style intermediate co de in which an action (e.g., a request

message send) is represented by two separated parts, namely

, the plan declaration

and the plan execution is prop osed. Using the plan-do style co de is an essential

compilation technique to realize the adv anced implementation schemes (e.g., the

pip elined sends); future information provided by the plan declaration enables the

early execution of the planned action (e.g., eager data transfer).

Adv anced Register/Storage Allo cation

Compilation techniques for e�cient register/storage allo cation are prop osed:

1. A least imme diately used algorithm is used for register allo cation. This algo-

rithm is not new, but we found that this algorithm is esp ecially suitable for

volatile registers of EM-4.

2. Registers are allo cated not only to temp orary v ariables but also to state (in-

stance) v ariables of ob jects and pattern v ariables of messages to sp eed up

the access to those variables. This allo cation is fully b ene�ted by a primary

ob ject-oriented concept, encapsulation.

A F ast Parallel N

-b o dy Algorithm

A fast parallel ob ject-oriented numerical algorithm which computes the p ositions

and velo cities of a large num b er (N ) of particles (masses) interacting via a long range force is develop ed. The time-complexity of the N

-b o dy algorithm is O (log N )

using O (N ) concurrent ob jects. The algorithm is a parallel extension of the Barnes

and Hut algorithm[4]. The p erformance measurement on the real parallel computer

EM-4 shows that this algorithm can b e executed e�ciently for a wide range of N

by exploiting the concurrent OO mo dels.

These technical contributions do not work alone; the e�ects are multiplied. The

combination of all these has demonstrated to achieve the high p erformance we desired.

1.3 Ov erview of Thesis Research

This section describ es the overview of this thesis.

Chapter 2 describ es the background of this thesis research. Concurrent ob ject-oriented

computation mo dels, such as Actors[1] and ABCM[22], provide formal foundations of

parallel computing systems, where the unit of concurrency is a concurrent ob ject, and the

interaction b etween concurrent ob jects is p erformed solely via message passings, resulting

in a strong expressive p ower and natural deriv ation of MIMD concurrency

. The target

machine of our implementation is a �ne-grained data-driven highly-parallel computer,

EM-4, designed and built at Electrotechnical Lab oratories, whose hardware is a hybrid

architecture of a reactive packet(data)-driv en architecture and conv entional control- ow

architecture, and it p erforms RISC-like execution in the control- ow mo de. As for related

work, there have b een a series of implementations of concurrent OO system; how ever,

most previous implementations (with few exceptions) are ine�cient b ecause, for example,

they use pro cesses or threads provided by op eration systems as concurrent ob jects.

Chapter 3 outlines our language system ABCL/EM-4. Our approach to the language

system development is similar to that of the current RISC technology | the runtime ar-

chitecture (the runtime softw are/hardware combination) for the simple and fast hardware

is designed using (1) design criteria (e.g., ideal gain) and (2) the result of preliminary

measurements, then the language and the compiler are developed to supp ort the runtime

architecture. W e reduced the cost of remote ob ject-creation and remote message-passing

to the degree comparable to that of sequential pro cedure invocation.

In Chapter 4, we prop ose a concurrent ob ject-oriented programming (COOP) lan-

guage, ABCL/ST, which is the source language of ABCL/EM-4. This language is de-

signed suitable for parallel execution; it introduces classes as templates of ob jects and

static typing with subtyp e relations for the compiler to generate concurrently executable

e�cient co de.

Chapter 5 presents the typ e system for ABCL/ST, where a message has a type as a

�rst class datum and the type of (a reference to) an ob ject accepting a message is repre-

sented with the type of the message. The type system incorp orates explicit sp eci�cations

of subtype relations b etween disjoint-union typ es, enabling an e�cient implementation

scheme for table lo ok-up.

In Chapter 6, we describ e our runtime architecture for EM-4, where a concurrent

ob ject is represented as a reactive entity with multiple entry p oints for pack ets, exploiting the reactive nature of EM-4. The (remote) message passings are pipeline d sends, which

overlap the evaluation of message arguments and their send in a pip elined manner: (1)

The sender no de reserves a message b ox on the receiver no de, by inv oking a prop er

co de blo ck to return the allo cated message b ox address at the receiver no de. (2) The

sender ev aluates the arguments of the message. As each argument is evaluated, a pack et

containing the result is sent to the prop er (address) lo cation in the message b ox on the

receiver no de. The ev aluation and the message send are pip elined. (3) The message b ox

address is sent to the receiver ob ject. The receiver may enqueue the message until it can

pro cess the message.

Chapter 7 presents the p erformance measurement and discussions on the basic op-

erations such as remote message sends. Performance measurements on EM-4 show that

the latency for a remote ob ject-creation followed by a request message send and the cor-

resp onding reply reception (called now type message passing) is approximately 10.75 �s

(for a 12.5 MHz clo ck sp eed), and the throughput of the entire system (80 PEs) for tasks

of a remote ob ject-creation followed by a now-type message passing is more than 3000

tasks p er 1 ms. Although the pack et transmissions to reserve a message b ox may result

in a round-trip latency and some ov erhead, multi-threading at the sender no de could hide

the latency

. Moreov er, the reserv ation provides us the following signi�cant adv antages:

(1) It allows us to manage the message queue e�ciently at the receiver no de, just by

p ointer manipulation rather than copying all contents of the message. (2) The knowledge

of the target message b ox address makes a pip elined send p ossible, which reduces (2a)

the communication latency by eager data transfer b efore the completing the ev aluation

of the message and (2b) the lo cal memory access for lo cal bu�ering at the sender no de.

In Chapter 8, the compiler for EM-4, which realizes the pip elined sends describ ed in

Chapter 6, is describ ed. A (high-level) plan-do style intermediate language is introduced,

where a plan such as a request message send is declared b efore the actual execution; the

lower level part of the compiler interprets the plan-do style intermediate co de to generate

the lower-lev el intermediate co de, where the future information (e.g., which v alues will

b e used for the plan execution) provided by plan declarations are used, for example, to

allo cate the message b oxes prior to the execution. Other compiler techniques include a

register allo cation scheme which allo cates registers to encapsulated state variables and

pattern v ariables as well as temp orary v ariables.

In Chapter 9, we present a new fast concurrent OO algorithm for N -b o dy problem.

The time-complexity of the algorithm is O (log N ) using O (N ) concurrent ob jects. The

algorithm is a parallel extension of the Barnes and Hut algorithm[4]. W e prop ose several

techniques to avoid b ottleneck around the ro ot of the tree structure representing spatial

distribution of particles.

Chapter 10 presents the results of p erformance measurements for the N -b o dy algo-

rithm describ ed in Chapter 9 on the ABCL/EM-4 system. The program uses the whole

80 PEs. It can b e executed e�ciently for a wide range of N ; when N =1040, it creates

more than 60,000 ob jects and exchanges more than 420,000 messages, and the elapsed

time is less than 0.5s.

Finally

, we will conclude in Chapter 11.

Chapter 2

Bac kground

2.1 Concurren t Ob ject-Oriented Computation Mo d-

els

The trend toward ob ject-oriented (OO) softw are construction is b ecoming more and more

prev alen t. Imp ortant software concepts such as encapsulation promote a high degree of

co de re-use and clean architectural structuring of large softw are. High-p erformance paral-

lel programming, previously p erformed in the context of more conven tional programming

languages, would also b e able to enjoy the b ene�t from the OO technology with appro-

priate OO languages and systems.

Although many OO languages currently in use to day (such as C++ and Smalltalk) are

sequential, it is more natural to consider ob jects as b eing a basic unit of concurrency in

the context of parallel computation. There, the computation is mo deled as a parallel ex-

ecution of autonomous, concurrently active ob jects and message passings b etween them.

A recent breed of COOP (Concurr ent Obje ct-Oriente d Pr o gr amming) languages attempt

to provide maximum computational and mo deling p ower through concurrency of ob jects.

Recent work has also b een successful in establishing strong, theoretical foundations for

concurrent ob jects; they include series of work in Actors[1], ABCM[22], POOL[2], con-

current rewriting logic[18], and calculi of asynchronous ob jects[10].

2.1.1 Computation Mo dels for ABCL

In our computation/programming mo del[33, 32], computation is p erformed by a collection

of autonomous, concurrently active software mo dules called c oncurr ent objects, and the

interaction b etween concurrent ob jects is p erformed solely via message passings. More

than one concurrent ob ject can b ecome active simultaneously

, and more than one message

transmission may take place in parallel.

A concurrent ob ject is the basic unit of concurrency

. Each has its own (autonomous)

single thread of control, and it may have its own lo cal p ersistent memory

, the contents of which can b e accessed only by itself

(encapsulation). Concurrent ob jects can b e

dynamically created at the runtime (dynamic cr e ation).

There are two kinds of messages, namely

, re quest messages and r eply messages. The

transmissions of request messages are asynchronous in the sense that the sender can send

a request message to a receiver (b oth are, of course, concurrent ob jects) at any time it

wishes to. The request messages arriving at a concurrent ob ject are bu�ered in a mes-

sage queue asso ciated with the concurrent ob ject until they are pro cessed (asynchr onous

bu�er e d c ommunic ation). When tw o request messages are sent from the same sender

to the same receiver, they arrive at the receiver in the same order as they were sent

(pr eservation of transmission or der). On the other hand, a reply message is received by a

synchronizer, r eply destination, which waits for b oth a reply message and a contin uation

of a concurrent ob ject and makes the concurrent ob ject resume its execution from the

continuation with the reply .

A sender can send a message to any (other) concurrent ob ject as long as the sender

knows its name. Since a message may contain names (IDs, or global addresses) of concur-

rent ob jects as well as basic v alues such as num b ers and b o oleans, and concurrent ob jects

can b e dynamically created, the connection top ology of concurrent ob jects is dynamic.

The de�nition of concurrent ob ject’s b ehavior must sp ecify how its lo cal p ersistent

memory is represented, and how it executes its co de with its own thread of control. In

our programming language, the lo cal p ersistent memory is represented by a collection of

v ariables, called state variables, and the modes of its execution are categorized into three

mo des, namely

, active, waiting, and dormant. In the active mo de, a concurrent ob ject

can execute a sequence of the following four kinds of basic actions:

1. Message sends to (other) concurrent ob jects or reply destinations.

2. Cre ation of concurrent ob jects.

3. Refer encing and Updating of the contents of its lo cal memory (imp er ative c omputa-

tion).

4. V arious op er ations (such as arithmetic op erations) on v alues that are stored in its

lo cal memory and passed around by message transmissions.

Message sends could b e p ast type (namely

, \asynchronously send and no-wait", syntacti-

cally denoted by:

[T ar get <= Msg])

or now type (namely

, \asynchronously send and wait for a reply", syntactically denoted

by:

[T ar get <== Msg])

Figure 2.1: Execution Mo de T ransition

A now type message passing attaches a new reply destination to the message, and

changes the execution mo de from active to waiting until a reply message is sent back to

the reply destination.

In order to accept a request message, a concurrent ob ject changes its execution mo de

to dormant or waiting (See Figure 2.1). The description/co de of each sequence of actions

to b e p erformed when a message is accepted is called a metho d. Determining which

metho d is executed is called metho d lo ok-up.

In the dormant mo de, a concurrent ob ject chec ks all the messages in its message queue

from the head and deletes all the preceding messages until it �nds an acceptable message,

and it b ecomes active and pro cesses the acceptable message (namely

, deleting the mes-

sage and executing the corresp onding metho d). In the waiting mo de, a concurrent ob ject

also checks its message queue from the head and skips all the preceding messages (with-

out deleting them) until it �nds an acceptable message, and it pro cesses the acceptable

message. Whether or not a message is acceptable is determined by matching the message

with message p atterns, and checking the condition on the conten ts of the message and

the current state of the concurrent ob ject.

A concurrent ob ject changes its mo de from active to waiting when it p erforms a sp ecial

wait-for command (\wait-for" transition in Figure 2.1). In the original ABCL[33, 32],

(1) when a concurrent ob ject is created, or (2) immediately after every execution of one

of its metho d, it b ecomes dormant (\script" transition in Figure 2.1). (At this p oint, the

language ABCL/ST prop osed in this thesis adopts a slightly di�erent mo del. The details

will b e describ ed in Chapter 4.)

Our family of languages, ABCL, is based on this computation mo del, and have

b een well studied from theoretical asp ects to applicational ones[33, 32]. Applications

include parallel discrete event simulation[23], symbolic computation[36], and numerical

computation[29, 30].

2.2 A Highly Parallel Data-Driv en Computer EM-4

Our base hardware architecture is EM-4, which was designed and built by Electro-

T echnical Lab oratory (ETL) in Tsukuba, Japan. The EM-4 prototype machine consists

of 80 (expandable to 1024) packet-driven pro cessing elements (PEs). The PEs are con-

nected with each other via a fast Omega network, and run at 12.5MHz clo ck sp eed. This

section summarizes EM-4’s features essential to our software/hardw are architecture for

a COOP language. More details of EM-4 can b e found in [19, 16].

EM-4 was originally designed to supp ort the strongly conne cte d arc data ow mo del,

which extends the data ow mo del by intro ducing a new type of arcs called str ongly

c onne cte d ar cs into data ow graphs. A data ow subgraph whose no des are connected by

strongly connected arcs is called the strongly conne cte d blo ck (SCB). The no des in an SCB

are executed prior to the no des not in the SCB. The data ow synchronization/matc hing

is only applied to the initial no de in an SCB.

1

It is p ossible for a concurrent ob ject to b e pure, i.e., not to have such lo cal memory if not needed.

8

Architecturally

, EM-4 is a combination of a reactive, packet-driven data ow architec-

ture and a conven tional register-based control- ow architecture. A packet received by a

PE (pro cessing element) is �rst stored in a hardware queue bu�er. The PE takes a single

packet from the queue, and p erforms a simple but fast data ow matching by the use of

the dire ct matching scheme (se e below). If the match o ccurs, it triggers the execution

of an SCB on the PE. The execution of SCB is p erformed with e�cient register-based

pip eline execution, and is non-interruptible by subsequent pack ets until the execution

is completed. Imp erative op erations such as memory writes are also p ossible, although

not explicitly exploited in the strongly connected arc data ow mo del. F rom a di�erent

p ersp ective, one could regard a PE in EM-4 as a conv entional RISC augmented with

packet-driv en and packet-output features.

The instruction sequence corresp onding to an SCB is stored in a segment of memory

called a template segment. (A single template segment can contain multiple instruction

sequences.) In order to execute the instruction sequence corresp onding to an SCB, a seg-

ment of memory called the op er and segment is allo cated, and the address of the template

segment containing the instruction sequence is stored in the �rst word of the op erand

segment.

As mentioned ab ov e, matching is p erformed with a new scheme called the dire ct

matching scheme, which is the most characteristic feature of EM-4. we brie y introduce

the structure of packets for its explanation. A (normal) packet contains the following

data (Figure 2.2(a)):

1. an op erand segment num b er (OSN)

2. a displacement (DPL) from the top of an op erand segment,

3. an op erand data for the �rst instruction of an SCB.

Supp ose that the �rst instruction of an SCB requires two op erand data. When the �rst

packet containing an op erand data arrives, the op erand data is stored in the matching

memory whose address is obtained by adding DPL to the address of the top of op erand

segment obtained from OSN. When another packet containing the second op erand data

with the same OSN and DPL arrives subsequently

, the instruction address to b egin the

execution of SCB is obtained by adding the DPL value to the address of the top of the

template segment, which is p ointed to the top word of the op erand segment. Then the

execution of the SCB is triggered from that address, with the two data op erands of the

two packets received (Figure 2.2(a)). If the �rst instruction of the SCB requires only one

op erand data, the execution of the SCB starts up on the arriv al of the �rst packet without

any matching. In b oth cases, the address of the op erand segment is set into a sp ecial

register called op er and segment re gister.

In addition to the normal type of packets describ ed ab ove, there are more than ten

types of sp ecial packets. The purp ose of sp ecial packets is to inv oke SCBs which do

not need dynamic link age of op erand segments to template segments. A sp ecial packet

sp eci�es a pre-de�ned SCB, used for common system tasks such as allo cating memory

9

(a)

(b)

Figure 2.2: Handling a Pack et

10 blo cks in a remote PE (Figure 2.2(b)). In addition, a sp ecial packet contains two data

items, an address data and an op erand data, whereas a normal packet can only contain

a single op erand data. Thus sp ecial packets are also used for remote-read/remote-write.

The instruction set of EM-4 consists of arithmetic and logical instructions, test and

branch instructions, data transfer instructions and communication instructions. Arith-

metic, logical and communication instructions can output a pack et into the network

directly from the pro cessor.

EM-4 also features a very fast Omega netw ork with supp ort for deadlo ck av oidance,

load balancing, and preserv ation of transmission ordering. Packet transmission to the

adjacent no de takes only tw o clo ck cycles, and each additional hop takes one clo ck cycle.

W e summarize the architectural features for the later discussion:

� The packet size is �xed to 2 words.

� An execution of an SCB is triggered by a single packet or two pack ets matching.

� In order to receive a pack et, the PE must exit from the current SCB, which causes

context switch in the sense of sequential execution.

� Up on context switch, live v alues on registers should b e saved by softw are.

� Sp ecial pack ets are provided for remote-read/remote-write.

� The network guarantees the p oint-to-p oint FIFO-ness.

2.3 Related W ork

There is a series of previous work on implementation of concurrent ob ject-oriented lan-

guages on parallel computers; how ever, the most of them use pro cesses or threads provided

by op erating systems to implement concurrent ob ject, resulting in a serious overhead,

which almost made p eople to b elieve that concurrent ob ject-orient computing was quite

slow.

There are few exceptions which are recently developed sharing the same goal to achiev e

realistic p erformance on several parallel architectures:

� Concurrent Smalltalk on J-Machine[12, 11, 6],

� ABCL/onAP1000[24, 35].

The detailed comparisons with these implementations are describ ed in Section 7.4.

11

Chapter 3

Ov erview of Concurren t

Ob ject-Orien ted Programming

Language System ABCL/EM-4

This chapter outlines our concurrent ob ject-oriented language system, ABCL/EM-4, de-

tails of which are describ ed in the subsequent Chapters 4, 5, 6, 7, and 8, which include

the language design, the type system for the language, the runtime architecture for EM-4

and the compiler for EM-4.

3.1 Goals

W e pursue various software approaches to achiev e very high p erformance by implementing

the language system.

The serious problems of conven tional approaches to concurrent OO language system

implementation on distributed memory machines are:

� High cost of inter-note communication, and

� High cost of intra-node scheduling.

Thus our implementation goals include:

� High-sp eed remote message passings comparable to sequential pro cedure calls, and

� Low-ov erhead intra-node scheduling.

The following section describ es our approach to these implementation goals.

3.2 Our Approach

12

Figure 3.1: Our Approach to Language System Implementation

Our approach to the language system implementation is the use of the combination

of sophisticated software (i.e., the e�cient runtime software architecture generated by

the optimizing compiler) and a simple and fast hardware architecture (Figure 3.1). W e

do not employ OS’s sup ervisor calls or library routine calls to realize the inter-node

communication and the scheduling of concurrent ob jects; in our ABCL/EM-4 language

system, they are implemented by the compiler-generated runtime software architecture.

The runtime software architecture is NOT the so-called \runtime system". (This word is

sometimes used to represent the �xed part of runtime software comp onents.) \Runtime

software architecture" represents all of runtime softw are comp onents; in ABCL/EM-4,

the runtime softw are architecture changes its form in resp onse to the source program, in

order to dramatically improv e its p erformance.

Our approach to the language system development is similar to that of the current

RISC technology | the runtime architecture (the runtime software/hardware combina-

tion) for the simple and fast hardware is designed using (1) design criteria (e.g., ideal gain)

and (2) the result of preliminary measurements, then the language and the optimizing

compiler are develop ed to supp ort the runtime architecture.

W e also designed the programming language for ABCL/EM-4, which has high-level

features and clear semantics, and also employs static typing for the compiler to generate

e�cient co de.

3.3 The Programming Language

A language design suitable for parallel execution is presented in Chapter 4, and the type

system is presented in Chapter 5.

Our programming language is a concurrent ob ject-oriented programming language,

ABCL/ST, which is a descendant of ABCL/1[33, 32]. ABCL/ST intro duces classes and

static types with subtype relations. In this language, a message is a �rst class datum

(which has a typ e), and an ob ject has a type as the message target. Consequently

, re-

quest messages and reply messages are well integrated, and types are well supplied to b oth

past typ e (namely

, only request) and now typ e (namely

, request followed by reply) mes-

sage passing forms in ABCL. Increasing static entities (e.g., classes and typ es) improves

p erformance of parallel execution esp ecially in distributed memory environmen ts.

The type system incorp orates explicit sp eci�cations of subtyp e relations b etween

disjoint-union types, enabling an e�cient implementation scheme for table lo ok-up.

13

3.4 The Runtime Architecture

The runtime architecture is a combination of runtime software/hardware architectures.

The design of runtime architecture which is the essential part of our high p erformance

language system is presented in Chapters 6,7.

In our runtime architecture for EM-4, a concurrent ob ject is represented as a reactive

entity with multiple entry p oints for packets, exploiting the reactive nature of EM-4.

The (remote) message passings are pip eline d sends, which ov erlap the ev aluation of the

message arguments and their send in a pip elined manner: (1) The sender no de reserves a

message b ox on the receiver no de, by invoking a prop er co de blo ck to return the allo cated

message b ox address at the receiver no de. (2) The sender ev aluates the arguments of

the message. As each argument is ev aluated, its pack et is sent to the prop er (address)

lo cation in the message b ox on the receiver no de. The ev aluation and the message send

are pip elined. (3) Finally

, the message b ox address is sent to the receiver ob ject to

indicate the completion of the message send. The receiver may enqueue the message

until it can pro cess the message.

Performance measurements on EM-4 show that the latency for a remote ob ject-

creation follow ed by a request message send and the corresp onding reply reception (called

now type message passing) is approximately 10.75 �s (for a 12.5 MHz clo ck sp eed), and

the throughput of the entire system (80 PEs) for tasks of a remote ob ject-creation fol-

lowed by a now-type message passing is more than 3000 tasks p er 1 ms. W e reduce the

cost of remote ob ject-creation and remote message-passing to the degree comparable to

that of sequential pro cedure invocation, and the cost of intra-node scheduling is quite

low compared to the essential part of the computation.

3.5 The Compiler

The compilation techniques realizing our high p erformance runtime architecture are pre-

sented in Chapter 8.

The compiler introduces several language lay ers to ov ercome the signi�cant di�erence

of the abstraction levels b etween its input (a concurrent OO program) and output (as-

sembly co de); each low er level language implements the functionalities of its higher level

language.

In order to realizes the pip elined sends, a (high-level) plan-do style intermediate lan-

guage is introduced, where a plan such as a request message send is declared b efore the

actual execution; the lower level part of the compiler interprets the plan-do style inter-

mediate co de to generate the low er-level intermediate co de, where the future information

(e.g., which v alues will b e used for the plan execution) provided by plan declarations are

used, for example, to allo cate the message b oxes prior to the execution.

Our compiler provides an e�cient implementation scheme of lo ok-up table for pattern

matching of data with injection tags. The size of the table can b e b ounded by a number

slightly more than the number of injection tags which the tested value may hav e, and the

lo ok-up can b e p erformed as direct indexing of the table. This e�cient implementation

14 is enabled by using explicit subtyp e relations b etween disjoint-union typ es in the type

system.

The storage/register allo cation schemes include: (1) the read-only pattern v ariables

use their original p ositions as the home p ositions (the memory lo cations for register

spilling) to minimize context switch overhead, (2) a least immediately used algorithm is

used to allo cate registers, and (3) registers are allo cated to encapsulated state (instance)

v ariables as well as temp orary v ariables.

3.6 The Current Status of the Language System

The prototype compiler has b een developed, which is approximately 10,000 lines Common

Lisp co de. The runtime system for the compiler consists of approximately 500 lines EM-4

assembly co de for pack et handlers and approximately 40 lines EM-C co de[21] for start

up. The language system can run the N -b o dy program (App endix A) based on a fast

parallel ob ject-oriented algorithm prop osed in Chapter 9. The results of the ev aluation

are describ ed in Chapter 10.

15

Chapter 4

Programming Language ABCL/ST

ABCL/ST (ABCL/Statically Typed) is a concurrent ob ject-oriented programming lan-

guage for the ABCL/EM-4 language system. ABCL/ST is designed for EM-4 as its

primary target machine, but the language itself is machine indep endent. ABCL/ST is

based on the concurrent OO computation mo del describ ed in Section 2.1.1.

The ancestor of ABCL/ST is ABCL/1[33, 32]. ABCL/ST intro duces the following

new features:

� static typing

� subtyping

� classes

In this chapter, we present the design principles and a brief intro duction of ABCL/ST.

The typ e system for ABCL/ST is describ ed in Chapter 5.

4.1 Design Principles

The design principles of ABCL/ST are summarized as follows:

High e�ciency is the primary goal of parallel computing. This is the reason why we

want to develop parallel computers. The EM-4 is a distributed-memory machine.

Thus high e�ciency must b e achieved without assuming the presence of shared

memories. Based on this design criterion, we chose the following features:

compilation approach : W e prefer compiler-based execution to achiev e high p er-

formance. The language should b e designed as input to the compiler rather

than an interpreter.

introduction of class : Classes as templates of ob jects can b e used for e�cient

ob ject creation on distributed memory environments.

16 static typing : Elimination of runtime typ e checking is crucial for e�ciency

. The

typ e system also enables the use of small lo ok-up tables to implement pattern

matchings; the details are describ ed in Section 8.2.

Safety is a desirable prop erty to protect the programmer from incomprehensible errors.

Safety includes the following meanings:

no system crash : No dangerous memory op erations such as free are p ermitted;

Garbage Collection (GC) is automatically p erformed by the system.

static typing with subtyping : No runtime type errors such as message not

understood o ccur.

More concrete design principles of ABCL/ST are summarized as follows:

� ABCL/ST is an imp erative language, but no aliasing of variables is p ermitted. This

is to make the language semantics clear and to increase opp ortunities to allo cate

registers to the v ariables.

� At the source language level, ABCL/ST provides a remote/lo cal transparent view

of data lo cation to the language semantics and the programmer:

{ Sharing of mutable ob jects is realized only with names (IDs, or glob al ad-

dr esses) of c oncurr ent objects.

{ A structural datum, such as a list, is just a single v alue not the list of mutable

cells with p ointers. At the implementation level, it would b e represented in a

more low-level manner.

{ Parameter passing, such as message passing, is \pass-by-v alue". At the im-

plementation level, more elab orated schemes would b e used to realize the se-

mantics.

{ Load balancing is p erformed by the system at compile-time or runtime. The

compiler should automatically extract compile-time information for load bal-

ancing from the source programs; using classes for ob ject creations would help

it by providing characteristics of ob jects.

4.2 Classes and Ob jects

A class is a template of objects. A class is used (1) as a type of ob jects, and (2) for

dynamic creation of ob jects, as usual.

4.2.1 Class De�nition

A class de�nition sp eci�es b ehavior of ob jects of the class. In ABCL/ST, a class de�nition

is written in the following form:

17

[class hclass name i hinterfac e typ e i (hformal p ar ameter list for cre ation i)

(state hvariable de clar ation list i)

hexpr ession i]

The parts of (state ...) may b e omitted. The following is a simple example of class

de�nition:

[class counter counter-o ((int c0))

(state (int (c c0)))

(script

(=> [:add i] [c := (+ c i)])

(==> [:get] !c))]

The ab ove program fragment de�nes a class named counter, which supp orts an inter-

fac e typ e counter-o (details of interfac e typ es will b e describ ed later). c0 is a formal

parameter of type int for ob ject creation, and c is a state v ariable of typ e int whose

initial v alue is c0. An ob ject of this class accepts a message :add to add the v alue of

the argument to c, and also accepts a message :get to reply the current value of c. The

form ! returns a v alue to the standar d r eply destination included in :get message.

4.2.2 Ob ject Creation

In ABCL/ST, an object cre ation is written in the following form:

(new-hclass name i hactual p ar ameter list for cr e ation i)

F or example, an ob ject of class counter can b e created by the following form:

(new-counter 0)

The form returns the name (or ID, or mail address) of the newly created ob ject of class

counter.

4.3 Messages

In ABCL/ST, messages are �rst class data. Message v alues could b e copied, and assigned

to v ariables in the same wa y as other data such as integers or real num b ers. This prop erty

provides us a strong p ower of expression to manage messages (e.g., messages in a message,

message sorting, delegation), and integrates request messages and reply messages.

4.3.1 Message Passing

In ABCL/ST, an ob ject could p erform a message passing, if it knows the target. The

target is either an ob ject name or a reply destination. A reply destination can b e gen-

erated by the following now typ e message passing. Message passing is either p ast type or

now typ e:

18

Past type (send and no wait)

A past type message passing is written in the following manner:

[htarget expression i <= hmessage expression i]

F or example, a past type message passing:

[x <= 10]

sends a message 10 to the target that is the v alue of v ariable x. The message is

asynchronously sent and the sender ob ject is not blo cked.

Now type (send and wait)

In ABCL/ST, a now type message passing is written in the following form:

[htarget expression i <== [hkeywor d i hactual par ameter list i]]

F or example, a now type message passing to ob jects of counter class can b e de-

scrib ed as:

[o <== [:get]]

The message is asynchronously sent and the sender ob ject is blo ck ed until it re-

ceives a reply

. The reply v alue b ecomes the value of the message passing form

itself. This message passing is similar to that of sequential OO languages, but the

communication of the reply is also p erformed via message passing, whose target

is the standard r eply destination included in message :get. The standard reply

destination is supplied to the message by the now typ e message passing.

The right hand side of now typ e message passing is not an hexpression i, while that of

past typ e message passing is an hexpression i. This is b ecause, in ABCL/ST, a message

is alwa ys sent as a �rst class datum, and the standar d r eply destination is a part of the

message, whereas, in ABCL/1, the standar d r eply destination is lo cated on the outside of

the message. On past type message passing, the v alue of hmessage expression i is directly

sent as a message. On the other hand, on now type message passing, the form [:get]

is transformed into [:get hstandar d r eply destination i] b efore its sending. The reply

destination is a synchronizer for the reply message and the c ontinuation of the now type

message passing form.

4.3.2 Message Acceptance

Messages sent to an ob ject are �rst stored in the message queue of the ob ject.

The wait-for form:

19

(wait-for

(=> hmatching p attern i hexpr ession list i)

...

(=> hmatching p attern i hexpr ession list i))

accepts the �rst message that satis�es a hmatching pattern i from the message queue

and executes the corresp onding hexpr ession list i. The value of the last hexpr ession i of

hexpr ession list i b ecomes the v alue of the wait-for form. Unmatched messages are

remained in the message queue.

The script form:

(script

(=> hmatching p attern i hexpr ession list i)

...

(=> hmatching p attern i hexpr ession list i))

is almost the same as wait-for form except that script form deletes unmatched message

from its message queue and rep eatedly waits for the next message after execution of an

hexpr ession list i. At this p oint, the computation mo del for ABCL/ST is di�erent from

the mo del describ ed in Section 2.1.1. In ABCL/ST, script is a command which changes

the ob ject’s execution mo de from active to dormant to accept a message.

In the wait-for and script forms, (==> [:get] !c) is an abbreviation of:

(=> [:get std-rply-dst] [std-rply-dst <= c])

4.3.3 Interface of Ob ject

The next example tells us how to sp ecify the interfac e typ e:

[class bias (obj real) ((real v) ((obj real) out))

(script

(=>inp [out <= (+ inp v)]))]

In this example, the interfac e typ e is (obj real), which means that ob jects of this class

accept messages of type real.

An ob ject of class bias receives a message inp of typ e real, adds the bias v alue v to

it, then sends the value to another ob ject out of type (obj real) .

As we can see in this example, in ABCL/ST, messages for an ob ject are of only a

single typ e, and an interface type of an ob ject is syntactically denoted by:

(obj htype i)

Here, htyp e i is the typ e of messages which the ob ject can accept.

In order to de�ne interface typ e counter-o for the previous counter example, the

following type de�nition can b e used:

20

(deftype counter-o (obj obj-msg-counter-o)

obj-msg-counter-o (union [:add int] [:get (@ int)]))

In this de�nition, counter-o is de�ned as a typ e of ob jects whose messages are of a

disjoint-union typ e obj-msg-counter-o, which is de�ned as a union of keyword types (a

keyword typ e is a disjoint-union type with a single injection tag) [:add int] and [:get

(@ int)]. The type of the standar d r eply destination of :get message is (@ int), which

means that the reply destination accepts a v alue of type int.

4.4 T uples and T agged V alues

In ABCL/ST, a tuple is constructed by [hexpr ession i� � �hexpression i] and a tagged v alue

is constructed by (hkeywor d i hexpression i).

There is a syntax sugar concerning tuple and tagged values; for example, [:tag1 10

20 30] is an abbreviation of (:tag1-*-*-* [10 20 30]) (# of * denotes the arity of

tuple).

4.5 T yp es

The typ es in ABCL/ST include:

� Basic typ es such as int, real, bool,

� T uple types such as [int real],

� Disjoint-union types, which include keyword types such as [:tag1 int int int]

and disjoint-union names sp eci�ed by type de�nitions (describ ed b elow),

� Class typ es, which are sp eci�ed by class de�nitions,

� Ob ject typ es (interface types), such as (obj [:tag1 int int int]), which indi-

cates that the ob ject can accept messages of type [:tag1 int int int],

� Reply destination typ es, such as (@ int), which indicates that the reply destination

can receive a reply message of type int.

4.5.1 De�ning Subtyp e Relations

A union op eration on disjoint-union typ es is used to sp ecify the subtyp e relation. Key-

word typ es, such as [:tag1 int int int], are used to attach tags to v alues. A keyword

type is a disjoint-union typ e with a single injection tag. The subtype relations b etween

disjoint-union types are sp eci�ed by the following type de�nitions

1

:

1

More mathematical treatment of these de�nitions is discussed in Chapter 5

21

(deftype weekday (union [:mon] [:tue] [:wed] [:thu] [:fri]))

(deftype weekend (union [:sat] [:sun]))

(deftype week (union weekday weekend))

Here, week is a sup ertyp e of [:mon], weekday and weekend.

Subtype relations b etween ob ject typ es whose messages are of disjoint-union typ es

are sp eci�ed by the following type de�nitions:

(deftype counter-o (obj obj-msg-counter-o)

obj-msg-counter-o (union [:add int] [:get (@ int)]))

(deftype counter-with-reset-o (obj obj-msg-counter-with-reset-o)

obj-msg-counter-with-reset-o (union [:reset] obj-msg-counter-o))

Here, obj-msg-counter-with-reset-o is a sup ertyp e of obj-msg-counter-o, and

counter-with-reset-o is a subtype of counter-o. There is an abbreviation for ob ject

type de�nition; for example, the ab ov e de�nition can b e written as:

(deftype (obj-msg counter-o) (union [:add int] [:get (@ int)]))

(deftype (obj-msg counter-with-reset-o) (union [:reset] obj-msg-counter-o))

The following class de�nition gives a class whose interface typ e is a subtyp e of that

of counter-o:

[class counter-with-reset counter-with-reset-o ((int c0))

(state (int (c c0)))

(script

(=> [:add i] [c := (+ c i)])

(=> [:reset] [c := c0])

(==> [:get] !c))]

The union op eration on disjoint-union typ es is also used to de�ne recursive types

such as lists and trees:

(deftype list-of-int (union [:nil] [:cons int list-of-int]))

(deftype tree-of-int (union [:empty] [:node tree-of-int int tree-of-int]))

4.5.2 Typ e De�nitions

The following type de�nition de�nes an abbreviation of htyp e i:

(deftype htyp e name i htype i)

After this de�nition, the use of htype name i always causes structural expansion of htype i

at the program p osition of htyp e name i.

The following type de�nition de�nes a disjoint-union name hdisjoint-union name i:

22

(deftype hdisjoint-union name i (union f fhdisjoint-union typ e ig g))

Here, f fg g denotes more than zero rep etition. After this de�nition, hdisjoint-union name i

b ecomes a sup ertype of all listed hdisjoint-union type i. Here, hdisjoint-union type i is ei-

ther hdisjoint-union name i or hkeywor d typ e i. union is not a part of type expressions;

hdisjoint-union name i is de�ned by union op eration is not expanded up on its use.

F or these reasons, we can not write as follows:

(deftype hobje ct typ e name i (obj (union f fhdisjoint-union typ e ig g)))

Instead of this, the following abbreviation is provided:

(deftype (obj-msg hobje ct type name i) (union f fhdisjoint-union typ e ig g))

Here, a disjoint-union name is implicitly supplied (by the compiler) for the message typ e

of hobje ct type name i.

4.6 Discussions

4.6.1 Arrays

Currently

, ABCL/ST is not augmented with arrays.

A p ossible language design for arrays that follows the design principles describ ed in

Section 4.1 would b e as follows: (1) an imp erative op eration, selective up date of arrays,

is provided, (2) arrays are not shared, (3) array elements should b e supplied on its

construction to avoid uninitialized v alues (for safety). Examples are as follows:

(let* (((array-2D real)

(mat1 (for (i j) [10 10] (if (= i j) 1.0 0.0)))))

;; compr ehensive c onstruction of an arr ay

(dotimes (i 9)

(dotimes (j 9)

;; imper ative up date of arr ays

[(aref mat1 [i j]) := (aref mat1 [(+ i 1) (+ j 1)])])))

;; function de�nition for matrix multiplication

(defun matrix-mul (array-2D real) (((array-2D real) a1 a2))

(let* (([int int]

([r1 c1] (boundaries a1))

([r2 c2] (boundaries a2))))

(if (= c1 r2)

(for (i j) [r1 c2]

(reduce-+ (k) [c1]

(* (aref a1 [i k]) (aref a2 [k j]))))

(for (i j) [0 0] 0.0))))

23

A problem in the language semantics describ ed ab ove (namely

, \pass-by-v alue") is a

large amount of p otential copy of array at the implementation level. One implementation-

level solution is the use of \copy-on-write" coupled with \pass-by-p ointer"; Moreov er,

\copy-on-write" can b e enhanced to \copy for write" (where the copy is p erformed as

early as p ossible if the \write" can not b e avoided) in order to exploit other characteristics

for optimization such as (1) no aliasing and (2) no sharing.

4.6.2 Inheritance

ABCL/ST provides the inheritance of interface types of ob jects by union op eration on

disjoint-union types of their messages. On the other hand, the class inheritance is not

provided yet. In the case where a class de�nition contains a single script command,

the conv entional class inheritance mechanism could b e used (except for the problem

with inheritance anomaly[17]). F or multiple script and wait-for commands, the class

inheritance can b e realized by supplying unique names to those commands.

24

Chapter 5

T yp e System for ABCL/ST

This chapter presents the type system for ABCL/ST, including typ es, subtype relation

and typing rules for a simpli�ed ABCL/ST.

First, in Section 5.1, for preparation, we will brie y examine two simple type systems

to lo ok at the duality b etween lab eled record and disjoint union with lab els, and the

duality b etween v alues and contin uations. Then we will regard messages as v alues and

ob jects as contin uations and present the reason why we hav e chosen disjoint union with

lab els to generate subtype relation.

Next, in Section 5.2, we will p oint out di�culties on e�cient implementation of typ e

system with subtyping and present tw o restrictions to provide e�ciency

, namely explicit

subtype relation with names and restricted co ercing. Then types and subtyp e relation

are presented. Finally

, in Section 5.3, the typing rules are presented after de�ning a

simpli�ed ABCL/ST, followed by some comments for our type chec king algorithm.

5.1 Preliminaries

5.1.1 Two Simple Typ e Systems

Subtype relations are usually discussed on lab eled record types. Other types generating

subtype relations are disjoint-union types using lab els as injection tags.

Let us lo ok at a type system T

l

(ord

N

), which is given by the syntax:

� ::= b j :� j fl : � ; : : : ; l : � g j [l : � ; : : : ; l : � ]

b ::= bool j int j real

where l ranges over a �nite (N ) set of lab el names, Dom (ord

N

) is equal to the set of

lab el names. fl : � ; : : : ; l : � g are lab eled record types, whereas [l : � ; : : : ; l : � ] are

disjoint-union types with injection lab els.

Types of the form :� are types for c ontinuations. A � -accepting continuation (which

accepts a � typ e value and executes the rest of the computation) has a typ e :� ; this

notation app ears in [8], where :� is de�ned as � ! ?; Intuitively

, this means that the

25 function can b e applied to the input v alue of typ e � , but the result is never returned to

the calling p oint.

T

l

(ord

N

) do es not hav e function types like: �

1

! �

2

; how ever a contin uation passing

style (written as cps ) function can b e represented as a continuation which accepts a pair

of the argument and a continuation for the reply:

�

1

! �

2 is roughly equal to :fargument : �

1

; r eply-to : :�

2 g

T

l

(or d

N

) do es not have recursive typ es, but they are automatically intro duced later by a

naming mechanism which is required for e�cient implementation.

Instead of giving subtyp e rules, let us think ab out emb edding of the types of T

l

(or d

N

)

into the simple type system without lab els, namely T

d

(N ). or d

N

: fl

i g ! f1; 2; : : : ; N g

is a one-to-one morphism and can b e used for this embedding.

T

d

(N ) is given by the following syntax:

� ::= > j ? j b j :� j (�

1

� �

2

� � � � � �

N

) j (�

1

+ �

2

+ � � � + �

N

)

b ::= bool j int j real

where (�

1

� �

2

� � � � � �

N

) is an N -tuple type, and (�

1

+ �

2

+ � � � + �

N

) is a disjoint sum

type with N tags.

The subtyp e relation of T

d

(N ) is easily describ ed as:

‘

T

d

(N )

? � � ‘

T

d

(N )

� � >

‘

T

d

(N ) b � b

‘

T

d

(N )

�

1

� �

0

1

: : : ‘

T

d

(N )

�

N

� �

0

N

‘

T

d

(N )

(�

1

� � � � � �

N

) � (�

0

1

� � � � � �

0

N

)

‘

T

d

(N )

�

1

� �

0

1

: : : ‘

T

d

(N )

�

N

� �

0

N

‘

T

d

(N )

(�

1

+ � � � + �

N

) � (�

0

1

+ � � � + �

0

N

)

‘

T

d

(N )

�

1

� �

2

‘

T

d

(N )

:�

2

� :�

1

‘

T

d

(N )

�

1

� �

2

‘

T

d

(N )

�

2

� �

3

‘

T

d

(N )

�

1

� �

3

The equality b etween typ es of T

d

(N ) is the usual structural equality b etw een typ es, and

the subtyp e relation satis�es:

�

1

� �

2

; �

1

� �

2

( ) �

1

= �

2

Now, emb e dding function from types of T

l

(or d

N

) into types of T

d

(N ) can b e de�ned

as:

ord

N

(b) = b

ord

N

(:� ) = :

ord

N

(� )

ord

N

(fl

1

: �

11

; : : : ; l

n

: �

1n g) = (�

21

� � � � � �

2N

)where �

2j

=

(

ord

N

(�

1i

) if j = ord

N

(l

i

)

> otherwise

ord

N

([l

1

: �

11

; : : : ; l

n

: �

1n

]) = (�

21

+ � � � + �

2N

)where �

2j

=

(

ord

N

(�

1i

) if j = or d

N

(l

i

)

? otherwise

26

The subtype relation b etween typ es of T

l

(or d

N

) is de�ned by that of T

d

(N ) in the

following wa y:

‘

T

l

(ord

N

)

�

1

� �

2 def

� ‘

T

d

(N ) ord

N

(�

1

) �

ord

N

(�

2

)

This de�nition leads to the usual subtyp e relation:

‘

T

l

(ord

N

)

�

1

� �

0

1

: : : ‘

T

l

(ord

N

)

�

n

� �

0

n

‘

T

l

(ord

N

) fl

1

: �

1

; l

2

: �

2

; l

n

: �

n

; : : : ; l

n+m

: �

n+m g � fl

1

: �

0

1

; l

2

: �

0

2

; l

n

: �

0

n g

‘

T

l

(ord

N

)

�

1

� �

0

1

: : : ‘

T

l

(ord

N

)

�

n

� �

0

n

‘

T

l

(ord

N

)

[l

1

: �

1

; l

2

: �

2

; l

n

: �

n

] � [l

1

: �

0

1

; l

2

: �

0

2

; l

n

: �

0

n

; : : : ; l

n+m

: �

0

n+m

]

5.1.2 Ob jects as Contin uations

Lab eled records are often used as ob jects, but here we will present another representation

of ob jects. Lab eled records hav e their dual representation of disjoint-union typ es together

with the duality b etw een v alues and continuations:

fl

1

: �

1

; l

2

: �

2

; : : : ; l

n

: �

n g $ :[l

1

: :�

1

; l

2

: :�

2

; : : : ; l

n

: :�

n

]

where a record type corresp onds to a contin uation which accepts either of l

1

; : : : ; l

n and

returns a reply to the corresp onding contin uation of either of typ es :�

1

; : : : ; :�

n

.

Let us consider a record type whose l

1

-�eld is a cps function. Then its dual represen-

tation would b e:

fl

1

: :fargument : �

1

; reply-to : :�

2 gg $ :[l

1

: ::fargument : �

1

; r eply-to : :�

2 g]

The dual representation reveals a problem of \ob jects as records", that is, there are tw o

function-style transactions to dispatch an ob ject’s metho d: the caller should (1) pass l

1

and get :fargument : �

1

; r eply-to : :�

2 g, (2) pass the argument of type �

1 and get a reply

of typ e �

2

. This is not problematic for sequential ob jects, but is for concurrent ob jects

where we would not like to incur double of message traveling time. W e rather prefer a

single transaction:

:[l

1

: fargument : �

1

; reply-to : :�

2 g]

where l

1 is sent together with the argument.

F or the reasons ab ov e, we choose continuations accepting disjoint unions for rep-

resentation of ob jects. Regarding ob jects as continuations and regarding messages as

v alues give us (1) an ob ject-oriented view where a message is sent to its target, and (2)

a uniform view on request messages and reply messages, namely b oth are v alue passing.

Consequently

, it is more natural using disjoint-union types for messages to incorp orate

subtype relation in ob ject types.

As we can see, a subtyp e relation has the dual representation b oth on lab eled records

and disjoint unions with lab els. T o av oid confusion with mixing these two, we substitute

tuples, denoted by (� ; � ; : : : ; � ), for lab eled records; as a result, the ab ov e example is

represented as follows:

:[l

1

: (�

1

; :�

2

)]

27

W e should note that the type of ob jects prop osed ab ove is based on the external

view of ob jects, namely

, the viewp oint of the message sender to the ob jects. W e think

that the record typ es are more appropriate as types of ob jects from the internal view of

ob jects, namely

, from the viewp oint of the implementor of ob jects; there, the ob ject’s

own prop erties should not b e concealed from the implementor and may b e manipulated

for inheritance.

5.2 The T yp es and Subtyp e Relation for ABCL/ST

5.2.1 Restrictions for E�ciency

Embedding T

l

(ord

N

) into T

d

(N ) gives us an implementation scheme of subtyped lan-

guages, where time-complexity of a �eld selection or a case branch is O (1) (just a direct

table indexing op eration), but space-complexity of O (N ) is required.

Another naive implementation may use an asso ciative list or a binary search algorithm;

they would reduce the space complexity to O (M ) (where M b e the num b er of injection

tags which the tested value may have), but their time complexity would increase to O (N )

or O (log N ). Hash search algorithms may improv e the time complexity to O (1); but its

co e�cient is still large.

W e will prop ose a novel implementation where the time complexity of a lo ok-up is

O (1) and its space complexity is slightly more than O (M ), where the lo ok-up is p erformed

by direct indexing. The implementation and its precise space complexity are describ ed

in Section 8.2.

F or this complexity requirement, we use the type system where the subtype relation

b etween disjoint-union typ es is explicitly given by the programmer. The system reduces

overhead by re ecting the programmer’s mind via naming.

The explicit declaration of subtyp e relation is p erformed with union op erations on

disjoint-union types. The resulting type of a union op eration is a sup ertyp e of op erands

of the union op eration:

(deftype weekday (union [:mon] [:tue] [:wed] [:thu] [:fri]))

(deftype weekend (union [:sat] [:sun]))

(deftype week (union weekday weekend))

where, for example,

[:mon] � weekday;

weekday � week; and

weekend � week hold.

By the de�nitions ab ove, explicit disjoint-union names weekday, weekend, and week are

introduced to give their names to the corresp onding disjoint-union types.

The type de�nition op erator, union, is not the disjoint sum. F or example, someone

may wan t [:fri] in weekend:

28

(deftype weekday (union [:mon] [:tue] [:wed] [:thu] [:fri]))

(deftype weekend (union [:fri] [:sat] [:sun]))

(deftype week (union weekday weekend))

where week has 7 elements rather than 8 elements, b ecause the union op eration maps

two [:fri] into one.

Another restriction for the sake of high e�ciency is that: for high-sp eed type conver-

sion at the implementation level, the application of co ercing rules, such as the one b etween

int and real, (i.e., inferring subtype relations without using a mapping provided by the

union op eration) is restricted as is describ e in the subsequent sections.

5.2.2 The Typ es and Subtyp e Relation

This section presents a type system T

r for ABCL/ST. In the type system for ABCL/ST,

ob j � and @ � corresp onds to :� in T

l

(or d

N

) and T

d

(N ). The set of typ es (ranged over

by � ) of T

r is given by the syntax:

� ::= > j ? j b j c j u j (� ; � ; : : : ; � ) j ob j � j @ � j � ! �

b ::= int j real j b o ol j nullob j

u ::= k � j s

F

s

= fs

1

7! fu

11

; : : : ; u

1m

1 g; : : : ; s

n

7! fu

n1

; : : : ; u

nm

n gg

F

c

= fc

1

7! ob j �

1

; c

2

7! ob j �

2

; : : : ; c

n

7! ob j �

n g

The typ e equality is just the structural equality .

The keyword k ranges over injection tags. ob j � is a type for ob jects which receive

messages of type � . @ � is the typ e for reply destinations each of which receives a

(single) message of type � . c is a class name. F

s is a function which maps a disjoint-

union name into a set of disjoint-union types (either disjoint-union name or keyword

type). F

s is sp eci�ed by the programmer. One constraint on F

s is that the following

function Kset (F

s

) must b e well-de�ned:

Dom(Kset(F

s

)) = fu

j g;

Kset(F

s

)(s) =

[

u

0

2F

s

(s)

Kset(F

s

)(u

0

)

Kset(F

s

)(k � ) = fk � g

Kset(F

s

) recursively expands disjoint-union names until keyword typ es and �nally pro-

vides the set of keyw ord typ es, which are the original inputs to union op eration. F or

Kset(F

s

) to b e well-de�ned, the recursive expansion must b e terminated.

The subtype relation �

u of T

r based on the explicit subtype relation on disjoint-union

29 types is de�ned as follows:

C ‘ b �

u b C ‘ c �

u c

C ‘ s �

u s

C ‘ k � �

u s if k � 2 F

s

(s) C ‘ s

0

�

u s if s

0

2 F

s

(s)

C ‘ �

1

�

u

�

2

C ‘ k �

1

�

u k �

2

C ‘ �

1

�

u

�

0

1

: : : C ‘ �

n

�

u

�

0

n

C ‘ (�

1

; : : : ; �

n

) �

u

(�

0

1

; : : : ; �

0

n

)

C ‘ �

1

�

u

�

2

C ‘ ob j �

2

�

u ob j �

1

C ‘ �

1

�

u

�

2

C ‘ @ �

2

�

u

@ �

1

C ‘ �

0

1

�

u

�

1

C ‘ �

2

�

u

�

0

2

C ‘ �

1

! �

2

�

u

�

0

1

! �

0

2

C ‘ �

1

�

u

�

2

C ‘ �

2

�

u

�

3

C ‘ �

1

�

u

�

3

where C = (F

s

; F

c

). Of course �

u is a partial order on types of T

r

.

The subtype relation � is de�ned by adding the restricted co ercing rules in the fol-

lowing wa y:

C ‘ �

1

�

u

�

2

C ‘ �

1

� �

2

C ‘ �

1

� �

2

C ‘ �

2

� �

3

C ‘ �

1

� �

3

C ‘ �

1

� �

2

C ‘ k �

1

� k �

2

C ‘ �

1

� �

0

1

: : : C ‘ �

n

� �

0

n

C ‘ (�

1

; : : : ; �

n

) � (�

0

1

; : : : ; �

0

n

)

C ‘ ? � � C ‘ � � >

C ‘ int � real C ‘ int � b o ol

C ‘ nullob j � c C ‘ nullob j � ob j �

C ‘ nullob j � @ � C ‘ c � b o ol

C ‘ ob j � � b o ol C ‘ @ � � b o ol

C ‘ ob j � � @ � C ‘ c � ob j � if ob j � = F

c

(c)

The nullob j typ e has a single element nil ; a message passing to nil alwa ys succeeds but

the message is simply discarded. Thus nullob j is a subtype of all ob ject types, class

types and reply destination types. Whether a message target is nil or not can b e tested

by co ercing it into b o ol type. The rule of ob j � � @ � implies that an ob ject name can

b e used instead of a reply destination of the same message type.

These co ercing rules for � can not app ear on pro of tree no des which are higher than

the rules for ob j �

2

�

u ob j �

1

, @ �

2

�

u

@ �

1

, and �

1

! �

2

�

u

�

0

1

! �

0

2

. This is

mainly for e�ciency; the details of the resulting e�cient implementation are describ ed

in Section 8.2.2.

In addition to the constraint on Kset(F

s

), F

s is constrained to meet the following

condition: for all s 2 Dom(F

s

) and k , f� j k � 2 Kset(F

s

)(s)g is either an empty set or

a set which has a unique maximal element in terms of �. Thus each s can b e regarded

as a disjoint union of the maximal elements with the keyw ords as the injection tags. Of

course, these constraints would b e check ed by the compiler.

30

5.3 T yping for ABCL/ST

This section describ es the typing for ABCL/ST. T o simplify its description, �rst, we

introduce a simpli�ed ABCL/ST in Section 5.3.1. Then we describ e the typing rules for

the simpli�ed ABCL/ST in Section 5.3.2.

The goals of the typing are:

1. T o eliminate unnecessary casts which can b e found in C++,

2. T o hardly fail on the subtyp e relations which form not a lattice but a partial order.

These goals are realized by the use of approximate minimum types and type assignment

in a top-down manner on the syntax tree.

5.3.1 A Simpli�ed Language for Typing Rule Description

The simpli�ed ABCL/ST for typing rule description is given by the syntax:

l ::= x j (l ; l ; : : : ; l ) j #n l

m ::= c

�

j x j (m; m; : : : ; m) j k m

e ::= c

�

j x j (e; e; : : : ; e) j #n e j k e j out e j the � e j

e e j e + e j e = e j l := e j e ( e j sync2 x e j @ x j

let � x = e in e j if e then e else e j (e; e; : : : ; e) j

case e of m ) e or m ) e or : : : or m ) e j

wait-for m ) e or m ) e or : : : or m ) e

d ::= defclass c � � x state � x = e; � x = e; : : : ; � x = e do e

where � ranges over the set of types, k ranges over the set of injection tags, l ranges over

the set of left expression for assignments, m ranges over the set of pattern expression for

matching, e ranges over the set of usual expressions, and d is a class de�nition. #n e is

n-th �eld selection of tuple expression e.

\defclass c � �

0 x

0 state �

1 x

1

= e

1

; �

2 x

2

= e

2 do e

b

" de�nes a class named c. c is

also used as a typ e. � is an interface type, which is represented by ob j �

m

. �

m is the type

of messages which ob jects of class c can receive. �

m can b e referred to by mymsgtype

within the class de�nition. �

0 x

0 is the parameter (and its typ e) for ob ject creation.

�

i x

i

= e

i

(i = 1; : : :) are declaration of state v ariables and expressions for their initial

v alues. The created ob ject executes e

b

. The class de�nition up dates F

c to b e F

c

(c) = � .

\l := e" denotes an assignment. \e

t

( e

2

" sends message e

m to the target e

t

.

\e

1

= e

2

" is an equality check. Note that, in the equality chec k, we do not have to b e

worried ab out the lost lab els by subtyping, since we employ disjoint-union typ es rather

than record typ es for the subtype relations; a sup ertype of a disjoint-union typ e never

lose the lab els in contrast to the b ehavior of record types.

1

1

Despite of this go o d prop erty

, we still use the notion of minimum types in our type checking algorithm

for the equality check expressions describ ed in Section 5.3.3, b ecause of the presence of co ercing rules.

31

A ‘

l x : � if � 2 Dom(A); A(x) = �

A ‘

l l

i

: �

i

(8i = 1; : : : ; n)

A ‘

l

(l

1

; l

2

; : : : ; l

n

) : (�

1

; �

2

; : : : ; �

n

)

A ‘

l l : (�

1

; : : : ; �

n

; : : : ; �

n+m

)

A ‘

l

#n l : �

n

Figure 5.1: Typing Rules for Left Hand Side Expressions

\sync2 x e" synchronizes a reply to x and the lo cal ev aluation of e and makes

their pair as the result. This is used to implement now-t yp e message passing; x is

like a blo ck name in Common Lisp (i.e., (block hblock name i ... (return-from

hblo ck name i 1) ...)), but instead of using return-from x, @ x pro duces the reply

destination. The now-t yp e message passing form [x2 <== [:msg 1]] is implemented

as #1 sync2 x

1 x

2

( :msg (@ x

1

; 1), where the reply destination pro duced by @ x

1 is

passed to ob ject x

2 as the �rst message argument and the reply from x

2 is extracted as

the �rst element of the resulting pair of synchronization.

5.3.2 The Typing Rules

The type judgment on expressions (e) is represented by 4-tuple A; B ‘

C e : � . A is a type

environment of v ariable identi�ers, B is an environment of the synchronizing identi�ers

describ ed ab ov e. � is the assigned typ e. The typing rules are shown in Figure 5.3. The

�rst rule in Figure 5.3 is the so-called subsumption rule, which p ermits an expression to

have a type if the expression has its subtyp e.

A

1

A

2 and A

1

+ A

2 which are used in the typing rule description are de�ned as:

A = A

1

A

2

( )

Dom(A) = Dom(A

1

) [ Dom(A

2

);

A(x) =

(

A

1

(x) if x 2 Dom(A

1

) � Dom(A

2

)

A

2

(x) if x 2 Dom(A

2

)

A = A

1

+ A

2

( )

Dom(A) = Dom(A

1

) [ Dom(A

2

);

Dom(A

1

) \ Dom(A

2

) = ;;

A(x) =

(

A

1

(x) if x 2 Dom(A

1

)

A

2

(x) if x 2 Dom(A

2

)

The typ e judgment on left hand side expressions (l ) is represented by 3-tuple A ‘

l l : � .

The typing rules are in Figure 5.1.

The type judgment on pattern expressions (m) is represented by 3-tuple A ‘

C;m m : � .

The typing rules are in Figure 5.2. In the rule for constant (the �rst rule in Figure 5.2),

c

�

is compared with the value of � ’s sup ertype. In the rule for keyw ord (the fourth rule

32

‘

C

� � �

0

‘

C

�

0

6= >

fg ‘

C ;m c

�

: �

0

fx 7! � g ‘

C ;m x : �

A

i

‘

C;m m

i

: �

i

(8i = 1; : : : ; n)

A

1

+ � � � + A

n

‘

C ;m

(m

1

; m

2

; : : : ; m

n

) : (�

1

; �

2

; : : : ; �

n

)

A ‘

C ;m m : �

2

‘

C

� � �

2

(8� 2 f�

0

j k �

0

2 Kset (F

s

)(�

1

)g)

A ‘

C;m k m : �

1

Figure 5.2: Typing Rules for Pattern Expressions

in Figure 5.2), m is used to receive the v alue in the tagged v alue; �

2 must b e a sup ertyp e

of all p ossible types of the carried value.

5.3.3 The Typ e Checking

There are a lot of solutions of type assignments to a given (sub)expression which follow

the typing rules describ ed in the previous section. T o p erform typ e checking for sub-

typed languages, usually

, a typ e checking algorithm, which assigns a minimum typ e to

each (sub)expression, would b e employed for sound and complete type checking. In the

prop osed type system, howev er, such a minimum type do es not alwa ys exist even when

a solution which satis�es the typing rules exists. This is b ecause of the restriction of our

type system which is required for e�ciency; the restriction increases the cases in which

le ast upper bound of tw o typ es do es not exist.

By all means, even under such a restriction, there would b e a complete algorithm

which computes all p ossible typ e assignments. Howev er, ambiguit y on selecting a single

type from the solutions still remains. W e would rather employ a typ e chec king algorithm

which eliminates such ambiguity and provides a single type for each (sub)expression

as a result, b ecause this makes it easier for the user to understand what the result of

the algorithm is, and for the implementor to develop the optimizing compiler using the

provided type information.

Our type chec king algorithm prop osed in the following is sound but not complete

with resp ect to the typing rules in the previous section, but it is not ambiguous for

selecting a single type for each (sub)expression. F urthermore, it hardly fails in spite of

the restriction on the type system, b ecause it basically assigns maximum types rather than

minimum types. The minimum type approximation rules are only applied for six kinds of

sub expression, namely

, functions of function applications, targets of message passings, the

op erands of numerical op erations, the b oth sides of equality chec ks, examined parts of case

expressions, and inner parts of reply-synchronization expressions. F or those programs

that these approximations succeed in isolating the minimum types, the present typ e

checking algorithm is complete; and most programs written by the user seem to b elong

33

A; B ‘

C e : � ‘

C

� � �

0

A; B ‘

C e : �

0

A; B ‘

C c

�

: �

A; B ‘

C x : � if x 2 Dom(A); A(x) = �

A; B ‘

C e

i

: �

i

(8i = 1; : : : ; n)

A; B ‘

C

(e

1

; e

2

; : : : ; e

n

) : (�

1

; �

2

; : : : ; �

n

)

A; B ‘

C e : (�

1

; : : : ; �

n

; : : : ; �

n+m

)

A; B ‘

C

#n e : �

n

A; B ‘

C e : �

A; B ‘

C k e : k �

A; B ‘

C e : k �

A; B ‘

C out e : �

A; B ‘

C e : �

A; B ‘

C the � e : �

A; B ‘

C e

1

: �

1

! � A; B ‘

C e

2

: �

1

A; B ‘

C e

1 e

2

: �

A; B ‘

C e

1

: �

1

A; B ‘

C e

2

: �

2

‘

C

� = num-lub(�

1

; �

2

)

A; B ‘

C e

1

+ e

2

: �

A; B ‘

C e

1

: � A; B ‘

C e

2

: � ‘

C

� 6= >

A; B ‘

C e

1

= e

2

: b o ol

A ‘

l l : � A; B ‘

C e : �

A; B ‘

C l := e : �

A; B ‘

C e

1

: �

1

A; B ‘

C e

2

: �

2

‘

C

�

2

= Msg(�

1

)

A; B ‘

C e

1

( e

2

: >

A; B fx 7! f�

0

1

; : : : ; �

0

n gg ‘

C e : �

2

‘

C

� � �

1

(8� 2 f�

0

1

; : : : ; �

0

n g)

A; B ‘

C sync2 x e : (�

1

; �

2

)

A; B ‘

C

@ x : @ � if x 2 Dom(B ); � 2 B (x)

A; B ‘

C e

1

: �

1

Afx 7! �

1 g; B ‘

C e

2

: �

A; B ‘

C let �

1 x = e

1 in e

2

: �

A; B ‘

C e

1

: b o ol A; B ‘

C e

2

: � A; B ‘

C e

3

: �

A; B ‘

C if e

1 then e

2 else e

3

: �

A; B ‘

C e

i

: �

i

(8i = 1; : : : ; n � 1) A; B ‘

C e

n

: �

A; B ‘

C

(e

1

; e

2

; : : : ; e

n

) : �

A; B ‘

C e

c

: �

0

A

i

‘

C;m m

i

: �

0

AA

i

; B ‘

C e

i

: � (8i = 1; : : : ; n)

A; B ‘

C case e

c of m

1

) e

1 or m

2

) e

2 or : : : or m

n

) e

n

: �

A

i

‘

C;m m

i

: mymsgt yp e AA

i

; B ‘

C e

i

: � (8i = 1; : : : ; n)

A; B ‘

C wait-for m

1

) e

1 or m

2

) e

2 or : : : or m

n

) e

n

: �

Figure 5.3: Typing Rules for Expressions

34 to this category

. How ever, to further preven t the isolating pro cesses from failing, the user

can supply a prop er sup ertype for an expression explicitly by ‘the � e’.

The single type assignment on e is represented by 4-tuple A; B ‘

C ;S e : � . A is a type

environment of v ariable identi�ers, B is an environment of the synchronizing identi�ers.

� is the assigned type. The single type assignment rules are shown in Figure 5.5.

The minimum type approximation on e is represented by 3-tuple A ‘

C;M e :: T . A is a

type environmen t of v ariable identi�ers, T stands for approximate minimum type. (Such

approximation is not required when the subtyp e relations form a lattice.) T is a set of

types, and represents another set of typ es UB (T ) = f� j (8�

0

2 T ):�

0

� � g, where T is

always normalized not to contain obviously redundant elements to represent the same set

of types as UB (T ), s.t. (8� 2 T )(8�

0

2 T � f� g):�

0

6� � ; this normalization is p erformed

by maximal (). The minimum type approximation rules are shown in Figure 5.6.

The single type assignment on m is represented by 3-tuple A ‘

C;m;S m : � . The single

type assignment rules are in Figure 5.4.

T o p erform typ e checking, elab orate uni�cation algorithm is not necessary but b oth

inheriting (namely

, in a top-down manner on the syntax tree) of types and synthesizing

(namely

, in a b ottom-up manner on the syntax tree) of approximate minimum typ es are

required. The type checking algorithm is simple and almost identical to the single typ e

assignment rules and the minimum type approximation rules. The type chec king can

b e p erformed by using 4 kinds of pro cedures (when using side e�ects to assign types to

(sub)expressions) on the syntax tree:

TC

b

(A; e) = T synthesizes the approximate minimum type (T ) according to the mini-

mum type approximation rules.

TC

t

(A; e; � ) = (B ; S ) inherits a request typ e (� ) and synthesizes an environment of the

synchronizing identi�ers (B ) and a substitution (S ) according to the single type

assignment rules. If not fail, it assigns S (� ) to e, where � , S and S (� ) are de�ned

as follows:

� ::= � j size-unknown(n; �; svar ) j key-unknown(�; kvar )

S = fsvar

1

7! n

1

; : : : ; svar

n

s

7! n

n

s

; kvar

1

7! k

1

; : : : ; kvar

n

k

7! k

n

k g

S (size-unknown(n; �; svar )) = (>; : : : ; >;

n

�

S (� ) >; : : : ;

m

�

>) if S = fsvar 7! m; : : :g

S (key-unkno wn(�; kvar )) = k S (� ) if S = fkvar 7! k ; : : :g

TC

l

(l ) = � synthesizes the type (� ) of a left hand expression (l ) according to the left

hand side typing rules. If not fail, it assigns � to l .

TC

m

(m; � ) = A inherits a typ e (� ) and synthesizes a type environment of v ariable

identi�ers (A) according to the single type assignment rules for pattern expressions.

If not fail, it assigns � to m.

35

‘

C

� � �

0

‘

C

�

0

6= >

fg ‘

C;m;S c

�

: �

0

fx 7! � g ‘

C;m;S x : �

A

i

‘

C ;m;S m

i

: �

i

(8i = 1; : : : ; n)

A

1

+ � � � + A

n

‘

C;m;S

(m

1

; m

2

; : : : ; m

n

) : (�

1

; �

2

; : : : ; �

n

)

A ‘

C;m;S m : �

2

‘

C

�

2

= maxf�

0

j k �

0

2 Kset (F

s

)(�

1

)g ‘

C

�

1

6= >

A ‘

C ;m;S k m : �

1

Figure 5.4: Single Type Assignment Rules for Pattern Expressions

36

‘

C

� � �

0

A; B ‘

C ;S c

�

: �

0

‘

C

� � �

0

A; B ‘

C ;S x : �

0 if x 2 Dom(A); A(x) = �

A; B ‘

C;S e

i

: �

i

(8i = 1; : : : ; n)

A; B ‘

C ;S

(e

1

; e

2

; : : : ; e

n

) : (�

1

; �

2

; : : : ; �

n

)

A; B ‘

C ;S e : (>; : : : ; >; �

n

; >; : : : ; >)

A; B ‘

C;S

#n e : �

n

A; B ‘

C ;S e : �

2

‘

C

�

2

= maxf� j k � � �

1 g

A; B ‘

C;S k e : �

1

A; B ‘

C ;S e : k �

A; B ‘

C ;S out e : �

A; B ‘

C ;S e : � ‘

C

� � �

0

A; B ‘

C;S the � e : �

0

A ‘

C ;M e

1

:: f�

2

! � g A; B ‘

C;S e

1

: �

2

! � A; B ‘

C;S e

2

: �

2

‘

C

� � �

0

A; B ‘

C ;S e

1 e

2

: �

0

A ‘

C ;M e

i

:: f�

i g A; B ‘

C;S e

i

: �

i

(8i = 1; 2) ‘

C

� = num-lub(�

1

; �

2

) ‘

C

� � �

0

A; B ‘

C ;S e

1

+ e

2

: �

0

A ‘

C ;M e

i

:: T

i

A; B ‘

C;S e

i

: � (8i = 1; 2) ‘

C f� g = maximal(T

1

[ T

2

) ‘

C b o ol � �

0

A; B ‘

C ;S e

1

= e

2

: �

0

A ‘

l l : � A; B ‘

C;S e : � ‘

C

� � �

0

A; B ‘

C;S l := e : �

0

A ‘

C ;M e

1

:: f�

1 g A; B ‘

C;S e

1

: �

1

A; B ‘

C;S e

2

: �

2

‘

C

�

2

= Msg(�

1

)

A; B ‘

C ;S e

1

( e

2

: >

A ‘

C ;M e :: f�

2 g A; B fx 7! T

1 g ‘

C;S e : �

2

‘

C

� � �

1

(8� 2 T

1

) ‘

C

�

2

� �

0

2

A; B ‘

C;S sync2 x e : (�

1

; �

0

2

)

A; B ‘

C ;S

@ x : @ � if x 2 Dom(B ); � 2 B (x)

A; B ‘

C ;S e

1

: �

1

Afx 7! �

1 g; B ‘

C ;S e

2

: �

A; B ‘

C ;S let �

1 x = e

1 in e

2

: �

A; B ‘

C ;S e

1

: b o ol A; B ‘

C;S e

2

: � A; B ‘

C;S e

3

: �

A; B ‘

C ;S if e

1 then e

2 else e

3

: �

A; B ‘

C ;S e

i

: > (8i = 1; : : : ; n � 1) A; B ‘

C ;S e

n

: �

A; B ‘

C;S

(e

1

; e

2

; : : : ; e

n

) : �

A ‘

C ;M e

c

:: f�

0

g A; B ‘

C;S e

c

: �

0

A

i

‘

C ;m;S m

i

: �

0

AA

i

; B ‘

C ;S e

i

: � (8i = 1; : : : ; n)

A; B ‘

C;S case e

c of m

1

) e

1 or m

2

) e

2 or : : : or m

n

) e

n

: �

A

i

‘

C;m;S m

i

: mymsgtype AA

i

; B ‘

C ;S e

i

: � (8i = 1; : : : ; n)

A; B ‘

C ;S wait-for m

1

) e

1 or m

2

) e

2 or : : : or m

n

) e

n

: �

Figure 5.5: Single Type Assignment Rules for Expressions

37

A ‘

C;M c

�

:: f� g

A ‘

C;M x :: f� g if x 2 Dom(A); A(x) = �

A ‘

C;M e

i

:: T

i

(8i = 1; : : : ; n)

A ‘

C;M

(e

1

; e

2

; : : : ; e

n

) :: f(�

0

1

; �

0

2

; : : : ; �

0

n

) j �

0

i

2 T

i

(i = 1; : : : ; n)g

A ‘

C;M e :: T ‘

C

T

0

= maximal(f�

n j (�

1

; : : : ; �

n

; : : : ; �

n+m

) 2 T g)

A ‘

C;M

#n e :: T

0

where T = f(�

11

; : : : ; �

1n

; : : : ; �

1n+m

); : : : ; (�

l 1

; : : : ; �

ln

; : : : ; �

l n+m

)g

A ‘

C;M e :: T

A ‘

C;M k e :: fk �

0

j �

0

2 T g

A ‘

C;M e :: fk �

1

; : : : ; k �

n g

A ‘

C;M out e :: f�

1

; : : : ; �

n g

A ‘

C;M the � e :: f� g

A ‘

C;M e

1

:: f�

2

! � g

A ‘

C;M e

1 e

2

:: f� g

A ‘

C;M e

1

:: f�

1 g A ‘

C ;M e

2

:: f�

2 g ‘

C

� = num-lub(�

1

; �

2

)

A ‘

C;M e

1

+ e

2

:: f� g

A ‘

C;M e

1

= e

2

:: fb o olg

A ‘

l l : �

A ‘

C;M l := e :: f� g

A ‘

C;M e

1

( e

2

:: f>g

A ‘

C;M e :: f�

2 g A; B fx 7! T

0

g ‘

C ;S e : �

2

‘

C

T

1

= maximal(T

0

)

A ‘

C ;M sync2 x e :: f(�

0

1

; �

2

) j �

0

1

2 T

1 g

Afx 7! �

1 g ‘

C ;M e

2

:: T

A ‘

C;M let �

1 x = e

1 in e

2

:: T

A ‘

C;M e

2

:: T

2

A ‘

C;M e

3

:: T

3

‘

C

T = maximal(T

2

[ T

3

)

A ‘

C ;M if e

1 then e

2 else e

3

:: T

A ‘

C;M e

n

:: T

A ‘

C;M

(e

1

; e

2

; : : : ; e

n

) :: T

A ‘

C;M e

c

:: f�

0

g A

i

‘

C ;m;S m

i

: �

0

AA

i

‘

C ;M e

i

:: T

i

(8i = 1; : : : ; n) ‘

C

T = maximal(T

1

[ � � � [ T

n

)

A ‘

C ;M case e

c of m

1

) e

1 or m

2

) e

2 or : : : or m

n

) e

n

:: T

A

i

‘

C;m;S m

i

: mymsgt yp e AA

i

‘

C;M e

i

:: T

i

(8i = 1; : : : ; n) ‘

C

T = maximal(T

1

[ � � � [ T

n

)

A ‘

C ;M wait-for m

1

) e

1 or m

2

) e

2 or : : : or m

n

) e

n

:: T

Figure 5.6: Minimum Type Approximation Rules for Expressions

38

Chapter 6

Run time Arc hitecture for EM-4

As is summarized in Section 2.2, EM-4 was originally designed and built to supp ort the

data ow mo del in which function invocations are side-e�ect free. W e found, how ever, that

EM-4 had far greater p otential; since it also supp orts RISC style imp erative features such

as memory writes, it is p ossible to realize side-e�ectual/state-transitional computation

easily and e�ciently . W e decided to exploit this capability in order to realize concurrent

ob jects which usually have lo cal states.

Since EM-4 is a pack et-driven, reactive architecture, it might seem that the reception

of a message and the activ ation of the corresp onding metho d could b e carried out by

using the direct-matching scheme, and the imp erative execution of the metho d could b e

done using the instruction sequencing within the SCB. How ever, these features of the

EM-4 hardware are to o low level to b e employed directly

, and an appropriate software

architecture must b e provided in order to fully realize the concurrent OO computational

mo del in an e�cient wa y . F or example, EM-4 requires the exit from SCB when a pack et

is to b e received | as a result, softw are architecture must guarantee that the ob ject co de

b e restarted subsequently at a prop er place after the pack et reception.

The basic functionalities that the software architecture must provide are (1) (Re-

mote) Ob ject Creation, (2) Asynchronous Message Passing (messages larger than one

packet) and Metho d Inv o cation over the network, (3) Intra-node Ob ject Scheduling, and

(4) System-wide Garbage Collection. In this section, we describ e our prop osed softw are

architecture of ABCL/EM-4[26, 27, 35, 28, 34], which provides their e�cient implemen-

tation, fully exploiting the hardware sp eed; we discuss the rationales and the adv antages

of the architecture.

6.1 Represen tation of Concurrent Ob jects

In order to implement the concurrent OO-mo del e�ciently

, we assume that (1) an ob ject

do es not span multiple no des, since the unit of concurrency is each individual ob ject

1

,

1

Some formal theory of concurrent ob jects, notably [18], allows for internal concurrency; in this case,

an ob ject may span multiple no des. Whether or not this is useful in practice is the sub ject of future

research.

39 and that (2) there would b e multiple ob jects p er each physical no de.

In ABCL/EM-4, each concurrent ob ject is comp osed of several comp onents. They

are: the obje ct se gment, re active text, and class-spe ci�c text. The illustrative ov erview of

an ob ject is depicted in Figure 6.1. W e brie y describ e the role of each:

� The Ob ject Segment: The ob ject segment basically holds the state information

of an ob ject, such as the state variables, the temp or ary variables, and the p ointers

for managing its message queue. The op erand segment describ ed in Section 2.2

is used for its representation. (When the size of an ob ject b ecomes larger than

the op erand segment size (a �xed size, 128 words), the excessive state part of the

ob ject is allo cated, and a forwarding p ointer is placed in the ob ject segment.) The

head p ortion of the ob ject segment are entries for realizing the message passing

proto cols. They are common to all the ob jects of all classes | the details will b e

describ ed in the subsequent sections.

The message queue is a queue of message b oxes or mb oxes, which are also �xed in

size (16 to 32 words) and allo cated from a freelist. An ob ject also maintains a list

of tempor ary b oxes, which are used to hold the context when its internal routine

(i.e., function) is invok ed (they are not used for message reception itself ). The

temp orary b oxes are allo cated from the shared freelist from which message b oxes

are allo cated as well.

The ob ject segment has a unique address within a single no de. Coupled with the

unique no de ID, the pair, which is enco ded in one word, constitutes a system-wide

unique ob ject ID which serves as a reference to the ob ject.

� The Reactive T ext: The reactive text is the p ortion of the ob ject co de that

appropriately handles each incoming packet to the ob ject entries, and is common

to all the ob jects of all classes. It resides in the template segment, and is p ointed to

by all the ob jects in the no de. (Recall that the �rst word of the op erand segment

p oints to the template segment where the co de to b e invok ed when the pack et

arrives.)

� The Class-Sp eci�c T ext: The class-sp eci�c text is the p ortion of the ob ject

co de that realizes the single thread of control of the ob ject. The sequential execution

is internally imp erative. As the name indicates, there is one class-sp eci�c text p er

each class. It generally p erforms the followings: (1) initialization, (2) dequeuing of

a message from the message queue, (3) metho d lo ok-up, and (4) metho d execution.

A metho d is usually executed as a sequence of SCBs, rather than as a single SCB

so that pack ets may b e received at the b eginning of the SCBs as well as for doing

�ne-grained scheduling so that hardware packet bu�er do es not over o w.

40

Figure 6.1: Representation of an Ob ject

41

Figure 6.2: Pac ket Exchange for Ob ject Creation

6.2 Outline of Ob ject Creation and Message Pass-

ing in ABCL/EM-4

In this section, we outline the software architecture of the packet exchange proto cols

for implementing fast ob ject creation and message sends. The details of the reactive

invocation of the necessary co de are describ ed in Section 6.3.

� Ob ject Creation: An ob ject is created in a remote no de by sending an ob ject

creation request (sp ecial) pack et to the object cr e ator in the remote no de. The

packet contains the class ID and the reply address. The ob ject creator (1) allo cates

a single ob ject segment, (2) sends the ID of the allo cated ob ject to the reply address,

and then (3) passes the thread of control to the newly created ob ject, thereby

executing the necessary initialization co de within the class-sp eci�c text. Figure 6.2

illustrates the packet exchanging proto col of ob ject creation.

� Request Message Send:

Sending an asynchronous request message to a concurrent ob ject inv olves muc h

more than just sending multiple packets, b ecause the receiver no de must construct

a complete message data structure from multiple pack ets, which are separately sent

and are merged with other packets to the receiver no de.

The packet exchange proto col for the message passing in ABCL/EM-4 pro ceeds as

follows (Figure 6.3):

Step 1: A request (sp ecial) pack et is sent to the receiver no de to allo cate a message

b ox of a �xed size for storing the message elements.

Step 2: The message b ox is allo cated in the receiver no de, and a (normal) packet

containing the message b ox address is returned to the sender no de.

42

Figure 6.3: Pac ket Exchange for a Request Message Send

Step 3: A sequence of (sp ecial) pack ets containing elements of message data are

transmitted from the sender to the receiver no de. The data are written directly

into the message b ox, as is describ ed in the following sections.

Step 4: Finally

, a (normal) packet containing the address of the message b ox is

sent to the r e c eiver obje ct in the receiver no de. The pack et invok es a prop er

co de blo ck so that the receiver ob ject can receive the message and a prop er

metho d b e invoked if appropriate.

� Reply Message Send:

On a now type request message send, the sender sp eci�es a reply-destination of the

request message as a pair consisting of the sender ob ject ID and a new reply message

b ox. The reply to a request message is treated analogously to message sends. Since

the reply address is already known, and the reply message b ox will have b een

preallo cated, steps 1 and 2 ab ove are omitted in the usual case. (Figure 6.4).

6.3 Implemen tation of Message Passing

As mentioned earlier, the packet exchange proto cols are not implemented in a traditional,

pro cedural sense, but rather are implemented using the reactive invocation of appropriate

co de that gov ern its own part of the proto col. F or example, during the execution of a

metho d, an ob ject has to exit from an SCB when it receives a packet for the ab ov e

43

Figure 6.4: Pac ket Exchange for a Reply Message Send

proto cols, such as message sending (Recall that a no de cannot receive pack ets while

executing an SCB.). Therefore, in order to guarantee the execution of the rest of the

metho d, the packet exchange proto col for message send guarantees that the ob ject co de

b e restarted subsequently after the packet reception. W e refer to prop er addresses within

the metho d co de where the execution is to b e resumed as the continuation addresses of

the metho d.

ABCL/EM-4 employs b oth the normal pack et and the sp ecial packet on EM-4 for

realizing v arious proto cols describ ed ab ove.

Recall that a normal packet invok es the co de (with appropriate matchings) with the

same displacement in a template segment as p ointed to by an op erand segment. Since

every ob ject segment (which is implemented with an op erand segment) p oints to the

reactive text common to all ob jects, the head p ortion of an ob ject segment is used as

reactive entries for receiving pack ets and invoking various co de blo cks within the reactive

text (Figure 6.1). They are (1) the Re quest Message Entry, (2) the Reply Message Entry,

(3) the R eturn V alue Entries, and (4) the Nul l Entry:

� Re quest Message Entry | This is the entry where a packet containing the address

of a message b ox is sent on Step 4 of the message sending describ ed ab ove. The

corresp onding co de in the reactive text executes the following: If the sequential

execution of the ob ject is blo cked and it is waiting for a new request message, it

resumes the execution from the continuation addr ess stored in a certain lo cation

in the ob ject segment (Figure 6.1). If not, the message is simply app ended to the

message queue.

� Reply Message Entry | This is the entry where a pack et for a reply message for

44 a now type message is sent. The pack et should contain the address of the reply

message b ox in the original sender no de. If the sequential execution of the ob ject

is blo cked and it is waiting for the reply message, it resumes the execution from

the continuation address stored in the head of the reply message b ox. If not, a ag

indicating the presence of the reply is set.

� Return V alue Entries | This is a set of two input entries, each of which waits for

a pair of packets, one of which contains the returned v alue from a remote no de for

some previous request pack et (e.g., address of newly allo cated ob jects and/or mes-

sage b oxes), and the other contains the contin uation address. The corresp onding

reactive text contains a ‘jump with v alue’ instruction, which jumps to the contin-

uation address sp eci�ed by the latter pack et with the value of former in a register.

Note that there are multiple Return V alue Entries for requesting multiple resources,

e.g., multicasting requires allo cation of multiple message b oxes on multiple no des.

� Nul l Entry | This entry is similar to the return v alue entry

, except that only the

continuation address is waited for. It is employed for the pack et-level, har dwar e

scheduling only .

The reaction to a request message arriv al at Request Message Entry dep ends on

the r e active states of the ob ject, namely (RS1) Enqueue, (RS2) Dispatch, and (RS3)

Enqueue{Dispatch, as is brie y describ ed ab ove. When an ob ject needs a new request

message in dormant mode

2

(It has no messages in the message queue), the ob ject changes

its reactive state from RS1 to RS2 then it blo cks its thread execution. When an ob ject

needs a new request message in waiting mode (No messages in the message queue are

acceptable), the ob ject changes its reactive state from RS1 to RS3 then it blo cks its

thread execution. When the execution is resumed by the message arrival, the ob ject

changes its reactive state to RS1. In the actual implementation, we prepare multiple

template segments, each of which contains a reactive text sp ecialized for each reactive

state, and switch them dynamically by changing the linkage from the ob ject segment to

the template segments.

In waiting for a reply pack et of a resource request on Return V alue Entries, the

continuation addresses are supplied by the original sender of the remote request packet

by self-packet transmissions. The reader may wonder why this is done so, rather than

employ the naive approach of storing the continuation address in some lo cal memory (as is

the case for the Request Message Entry). The rational is as follows: F or waiting one reply ,

there is actually no ov erhead incurred by comparison to the latter, more naive approach,

b ecause of the hardware characteristics of EM-4. When waiting for multiple return

v alues of multiple resource requests, the co de that is resumed for the k th entry merely

self-transmits the pack et containing the continuation address for the k + 1st entry

, except

for the next to the last one, which self-transmits a packet containing the contin uation

address of the co de to b e executed after the v alues are received. This has the advan tage

2

See Section 2.1.1, if necessary .

45 of eliminating the need for maintaining the counter on how many packets have b een

returned, achieving faster execution sp eed.

Sp ecial pack ets, on the other hand, are employed to invoke sp ecial-purp ose managers

at each no de. Recall that a sp ecial packet inv okes co de at some �xed lo cation, and allows

the packet to carry two user-de�ned v alues instead of one for the normal packet. F or

ABCL/EM-4, the manager co de fragments are inv oked with sp ecial packets. They are:

the obje ct cr e ator, the message b ox al loc ator, and the message writer (The dark-grey

b oxes in Figure 6.5). The former two has the obvious meanings; the message writer is

actually a single instruction, which writes an element of a message into a message b ox.

Given the ab ov e entries, here is the more detailed description of the packet exchange

proto col for a message send (Figure 6.5):

Step 1: A request packet is sent to the message b ox allo cator. The packet contains the

address of the receiver ob ject (only the destination no de information is used here),

and the address of the Return V alue Entry of the sender ob ject (Figure 6.5(1)).

Before exiting from the SCB the sender self-sends a pack et containing the contin-

uation address within the metho d where the ev aluation of the arguments of the

message is p erformed.

Step 2: A message b ox is allo cated in the receiver no de from the freelist by the mb ox

allo cator, and its address is sent to the Return V alue Entry of the sender ob ject

(Figure 6.5(2)). This packet is matched with the self-sent packet of Step 1, inv oking

the argument evaluation/sending from the continuation address.

Step 3: As each argument is ev aluated, a sequence of sp ecial packets containing b oth

the elements of message data and the address within the message b ox where the

data is to b e stored, are transmitted from the sender ob ject to the message writer of

the receiver no de (Figure 6.5(3)). The evaluation of message arguments and their

send are pip elined. This pro cess may b e interrupted by nested message sends, as

is describ ed in Chapter 7. The message writer writes the data directly into the

sp eci�ed address in the message b ox.

Step 4: Finally

, a pack et containing the address of the message b ox is sent to the Request

Message Entry of the receiver ob ject (Figure 6.5(4)). As describ ed ab ov e, this

triggers the execution of appropriate co de so that the receiver ob ject can either

invok e a sp eci�ed metho d or just enqueue the message dep ending on the ob ject

state.

W e call the message sends in ABCL/EM-4 the pipeline d sends, b ecause the ev aluation of

message arguments and their send are pip elined. The adv antages of the pip elined send

over other message passing implementation schemes are describ ed in Chapter 7.

6.4 Sc heduling of Ob jects

46

(1) Step 1: requesting a new mbox (2) Step 2: returning a new mbox

(3) Step 3: writing elements into mb ox (4) Step 4: sending the mb ox address

Figure 6.5: The Details of Pac ket Exchanges for a Message Send

47

(1) Packets containing the names of Ob jects and Softw are Scheduler

are in the hardware pack et bu�er.

(2a) When Softw are Scheduler gets control,

(2b) Software Scheduler dequeues O

A from the software queue

and enqueues itself in the hardware pack et bu�er,

(2c) and Softw are Scheduler transfers the control to O

A

.

Figure 6.6: The Combination of Hardware Scheduler and Software Scheduler

48

The scheduling of ob jects within a no de is p erformed using two types of schedulers.

One is the har dwar e scheduler, and the other is the software sche duler. Both employ the

packet-driv en architecture of EM-4.

The hardware scheduler directly utilizes the hardware pack et bu�er as the scheduling

queue. When scheduling of an execution of co de is needed, a packet containing a contin-

uation address is sent to one of the ob ject entries, typically a Return V alue Entry or the

Null Entry

. This packet is bu�ered in the hardware packet bu�er, which will eventually

b e scheduled for execution.

The softw are scheduler is similar to more conv entional schedulers but nevertheless is

packet-driv en. That is to say

, since it to o is a co de blo ck that must b e invoked via the

packet-driv en mechanism, its address must b e enqueued in the hardware packet bu�er.

When it is scheduled, it re-enqueues itself in the hardware packet bu�er for subsequent re-

scheduling of itself and then dequeues one of the ob jects it holds in its software scheduling

queue and transfers control to the ob ject (Figure 6.6). When an ob ject is to b e a sub ject of

software scheduling, the software scheduler enqueues the ob ject in the software scheduling

queue and then makes an exit from the SCB, thereby causing a context switching in the

hardware scheduler.

The combination of hardware and software schedulers has the following advan tages.

High priority tasks, such as reception of a reply message, are scheduled by the hardware

scheduler for fast dispatching. Lower priority tasks are managed and scheduled by the

software scheduler, which (1) prevents the hardware bu�er over o w

3

, and (2) allows for

exible scheduling p olicies other than the round-robin.

Note that the software scheduler should b e optional, b ecause it consumes the resource

of the pro cessing p ow er. (It is small but not zero.) F or the program which do es not need

an elab orated scheduling and hardware queue bu�er is enough long for the execution of

the program, the only hardware scheduling will work well.

6.5 Storage Management

Garbage collection of ob jects is p erformed based on the marking algorithm using vir-

tual global snapshot and ob ject coloring. Garbage collection is under development; but

Kamada’s GC scheme[15] is the likeliest one to b e employed, which reduces the number

of marking packets, by using weights, to half of the scheme using ACK that I �rst con-

sidered. I hav e another plan in which the host no de that app ears in Kamada’s GC is

eliminated by using pr e cise weights.

3

Although hardware bu�er ov er ow is automatically handled by the EM-4 hardware, it incurs signif-

icant overhead b ecause the over owed elements must b e written to/read from the main memory .

49

Chapter 7

P erformance Measuremen ts and

Discussions of Basic Op erations

7.1 Latency Ev aluation { Coun ters

In order to measure the latency of remote ob ject creation and remote now-t yp e mes-

sage send, our b enchmark program (Figure 7.1) creates ob jects along a closed Hamilton

path among the 80 no des, and sends messages through the path. When an ob ject O

i

accepts a :create-count now-type message M

i from O

i�1

, O

i

(1) creates a new ob ject

O

i+1 at the adjacent no de along the path, (2) sends a :create-count now-type message

M

i+1 to O

i+1

, and (3) forwards the reply v alue from O

i+1 to O

i�1 in reply to M

i

. On

the other hand, the :count now-type message utilizes the existing ob jects created by

:create-count. Since all the messages are sent using now type message passing in this

program, they are all serialized. (I.e., only one message at a time is b eing sent throughout

the entire system.)

T able 7.1 shows the results of the b enchmark. When the ob jects are created dy-

namically using :create-count messages, the total execution time is 0.860 ms (10750

clo ck cycles), or approximately 10.75 �s (134 clo ck cycles) p er ob ject creation follow ed

by now-type message send. When the ob jects already exist, the total execution time is

0.743 ms (9287 clo ck cycles), or 9.29 �s (116 clo ck cycles) p er now-type message send.

creation-request-reply cycles request-reply cycles

Average execution time p er one cycle 10.75 �s (134 clo cks) 9.29 �s (116 clo cks)

T otal execution time for 80 ob jects 0.860 ms (10750 clo cks) 0.743 ms (9287 clo cks)

T able 7.1: Execution Time for Remote-Creation/Send/Reply Cycles

50

(deftype (obj-msg Counter-Obj)

(union [:create-count int (@ int)]

[:count int (@ int)]))

[class Counter Counter-Obj ()

(state (Counter-Obj next))

(script

(==> [:create-count i]

(if (= i 0)

!1 ; returns 1 (‘!’ is the r eply construct)

(progn

[next := (new-Counter)] ; A new ly cre ate d counter object

; is set to state variable next

![next <== [:create-count (- i 1)]]))) ; Now type message sending

(==> [:count i]

(if (= i 0)

!1

![next <== [:create-count (- i 1)]])))] ; employ existing path

[class main (obj []) (int i)

(let ((Counter-Obj (next (new-Counter))))

[next <== [:create-count i]]

[next <== [:count i]])]

Figure 7.1: Message Lo ops through a Hamilton Path

7.2 Throughput Ev aluation { Fib onacci Numb ers

The previous program only measures the latency of message pro cessing; as a result, there

was little concurrency involved. W e next measure the number of metho d invocations

p ossible throughout the entire system p er each time unit. The example is a tree com-

putation induced by the calculation of Fib onacci numbers (Figure 7.2). The ob jects of

class fib comprise the tree, either b ecoming an interior no de or a leaf no de dep ending

on the argument of the message. The leaf no de immediately returns a reply message

(the v alue 1). The interior no de (1) creates two sibling ob jects, (2) multicasts the :calc

message to the siblings using the now type message send, and waits for their reply

, then

(3) computes the new v alue returns the result to its parent no de. Thus each ob ject is

�rst (a) created, (b) receives a request to calculate and (c) answers a reply

. Here, for

convenience, we count the ab ove pro cess (a) { (c) as one task. (W e also make a note that

this program is solely for p erformance measurements only

, and by all means NOT the

fastest way to compute the Fib onacci number with a COOP language.)

W e computed the Fib onacci number for n = 3 : : : 20 using this program. Figure 7.3(1)

shows the execution time of the program versus the total num b er of tasks pro cessed. The

graph indicates that over 13000 tasks are p erformed in 4.1 ms, or approximately 3 tasks

p er 1 �s. In order to see whether this is the maximum, we consider the second graph

(Figure 7.3(2)) which shows the task pro cessing rate (tasks/ms) against the total num b er

of tasks. As we can see, the pro cessing rate saturates b etween 1000 to 10000 tasks, or

n � 15 at the ab ov e rate.

51

(deftype fib-o (obj [:calc n (@ int)]))

[class fib fib-o ()

(script

(==> [:calc n]

(if (<= n 2)

!1

!(+ [[(new-fib) (new-fib)] ; cre ations of two fib class obje cts

<==* [[:calc (- n 1)] [:calc (- n 2)]]] ; multicast now type message sends

))))]

[class main (obj []) (int n)

[(new-fib) <== [:calc n]]]

Figure 7.2: Simple-Minded Fib onacci Numb ers with Ob ject Creation

(1) Execution time (2) Throughput

Figure 7.3: The Result of the Throughput Measuring Program for ABCL/EM-4

52

(a) Remote-W rite

Lo cal-Read Scheme

(b) Lo cal-W rite

Remote-Read Scheme

(c) Lo cal-W rite

Remote-Copy

Lo cal-Read Scheme

Figure 7.4: Typical Message Passing Implementation Schemes

7.3 Discussions on Message Passing Implementa-

tion Sc hemes

There are v arious ways which implement messages of arbitrary length and they have

their own pros and cons. W e pick up three typical implementation schemes for message

passing proto col in the ABCL/EM-4:

� Remote-write lo cal-read scheme,

� Lo cal-write remote-read scheme,

� Lo cal-write remote-copy lo cal-read scheme.

Figure 7.4 illustrates these schemes. The arrows represent packet communication and

thick and thin vertical lines represent actual work and overhead, resp ectively

. First,

we examine the Remote-W rite Lo cal-Read (R

WLR) scheme, which we adopt in the

ABCL/EM-4. Then we discuss the Lo cal-W rite Remote-Read (L

WRR) scheme and the

Lo cal-W rite Remote-Copy Lo cal-Read (L

WRCLR) scheme, resp ectively comparing them

with the R

WLR scheme in terms of its IG (ideal gain) to b e de�ned.

7.3.1 Remote-W rite Lo cal-Read (R

WLR) Scheme

The R

WLR scheme seems to b e simpler than the other two schemes. On a message send,

53

(S1) The sender requests a message b ox on receiver’s no de;

(S2) The sender sav es the context and sends its continuation address to itself, then exits

from the current SCB;

(R1) In resp onse to (S1), the receiver allo cates a message b ox on that no de and returns

the address to the sender;

(S3) The sender resumes the execution by matching of (S2) and (R1) packets, then

p erforms a series of argument ev aluations and remote-writes to �ll up the message

b ox;

(S4) The sender sends the message b ox address to the receiver;

(R2) The receiver reads the message contents lo cally .

The R

WLR scheme relies on the FIFO-ness of the network.

7.3.2 Lo cal-W rite Remote-Read (L

WRR) Scheme

The L

WRR scheme is the dual of the R

WLR Scheme. On a message send,

(S1) The sender allo cates a message b ox lo cally;

(S2) The sender p erforms a series of argument evaluations and lo cal-writes to �ll up the

message b ox;

(S3) The sender sends the message b ox address to the receiver;

Then, with the message b ox address of (S3), the receiver p erforms remote-reads to access

the message contents. On a remote-read,

(R1) The receiver requests a remote-read to the sender;

(R2) The receiver saves the context and sends contin uation address to itself, then exits

from the current SCB;

(S4) In resp onse to (R2), the sender returns the message element;

(R3) The receiver resumes the execution by matching of (R2) and (S4) packets.

In T able 7.2(a), adv antages and disadvan tages of the L

WRR scheme are listed com-

pared with the R

WLR scheme. The network/bu�er costs and PE costs are clo ck cycles

consumed by packet trav eling/bu�ering/handling and instruction execution, resp ectively .

An IG (ideal gain) v alue is the total clo ck cycles multiplied by the number of rep etitions.

W e assume that a typical message size (N

M

) is 4 and a typical number of remote-reads

(N

R

) is 3. IG v alues may not directly app ear in the total execution time as real gain,

but they can b e used, for example, to indicate that advan tage 1 and 2 are almost always

overwhelmed by disadv antages 4 and 5. Because of this reason, we did not choose the

L WRR scheme.

54

(a) Advantages/Disadv antages of Lo cal-W rite Remote-Read Scheme

(compared to Remote-W rite Lo cal-Read Scheme)

No. Advantages(+)/ Netw ork/Bu�er PE Cost multiplied by Ideal Gain

Disadvantages(�) Cost (clo cks) (clo cks)

1 No round-trip latency for al-

lo cating a remote message

b ox

+(12 + �) +2 1 +14

2 The sender do es not have to

exit from the SCB in order to

receive the message b ox ad-

dress from the receiver no de

(Up on an exit from an SCB,

live values on registers must

b e sav ed into memory)

+(3 + � ) +(6 + � ) 1 +9

3 Lo cal-write is inexp ensive

than remote-writes.

+(3 + � ) +1 N

M

(= 4) +16

4 Round trip latency is neces-

sary to remote-read.

�(12 + �) �2 N

R

(= 3) �42

5 At the receiver’s no de, an

exit from an SCB is required

to get the result packet of

remote-read.

�(3 + � ) �(6 + � ) N

R

(= 3) �27

(b) Advantages/Disadv antages of Lo cal-W rite Remote-Copy Lo cal-Read Scheme

(compared to Remote-W rite Lo cal-Read Scheme)

No. Advantages(+)/ Netw ork/Bu�er PE Cost multiplied by Ideal Gain

Disadvantages(�) Cost (clo cks) (clo cks)

1 The round trip latency for

allo cating a remote message

b ox is hidden not only by

context saving but also by

lo cal-writes.

+0 +0 1 +0

2 The sender has to write all

the contents of message into

lo cal memory and read from

lo cal memory for remote-

copy .

�0 �4 N

M

(= 4) �16

� is the v alue in uenced by system loads.

� is the value determined by the size of context on registers.

N

M is the number of message words (typically 4).

N

R is the number of remote-reads (typically 3), which may b e fewer than N

M

(I.e.,

0 � N

R

� N

M

).

T able 7.2: Estimation of Ideal Gain

55

7.3.3 Lo cal-W rite Remote-Copy Lo cal-Read (L WR CLR) Scheme

The L

WRCLR scheme is similar to the R

WLR scheme. The only di�erence is that the

sender ev aluates its message arguments b efore getting the address of the message b ox

allo cated on the receiver’s no de. When the sender gets the message b ox address, it

already has all the message contents and simply copies the message to the message b ox

on the receiver’s no de.

In T able 7.2(b), adv an tages and disadvan tages of the L WR CLR scheme are listed

compared with the R

WLR scheme. The IG by the latency hiding is zero b ecause it only

changes the scheduling order and it do es not change the cost. T o put it concretely

, the

latency hiding of L

WRCLR is not e�ective when the other activities on the PE already

hide the message b ox allo cating latency

. (Moreov er, as Hiraki argues in [9], excessive

latency hiding may reduce the ov erall throughput.) On the other hand, the L

WRCLR

scheme incurs extra costs for lo cal-write/read for all the message elements, consequently

reducing the throughput when there are enough activities to preven t PEs from b eing

idle. A �ner analysis of this problem should b e made using probability/statistics mo dels

which re ect parallel features of real machines.

7.4 Discussions and Comparison to Previous Ap-

proaches

Our ABCL/EM-4 softw are/hardware architecture o�ers substantial p erformance im-

provemen ts over the previous implementation architectures of COOP languages, such

as the J-Machine[6] and A-NET[3]. Here, we would like to clarify the di�erences b etween

our approach and the previous approaches, sp eci�cally how we reduce the ov erhead of

message sends with appropriate software/hardw are architectural combination.

In the previous approaches, the execution time was dominated by the ov erhead of

message pro cessing. T o reduce it, we must improve the sp eed of context switching and

message reception/dynamic metho d invocation.

7.4.1 Overhead Reduction in Pac k et Dispatch/Con text Switch-

ing

Much of the low-level provisions for fast pack et dispatching and context switching is

provided by the EM-4 hardware. In addition, the compiler supp orts fast context switching

by minimizing the context.

F ast Dispatch and (Pip elined) Zero-Overhead Context Switching

The EM-4 hardware features a very low latency from the time the pack et is received until

the co de is actually inv oked. As a result, the reactive style of concurrent ob ject-oriented

computation can b ecome feasible. A very high p erformance is realized with the direct

matching scheme and the reduction of pip eline stages. Typical latency is approximately

56

3 clo ck cycles, or 240 ns. Sp ecial packets are pro cessed even faster, with typical pip eline

latency of 2 clo cks, or 160ns.

EM-4 also features zero-ov erhead context switching. The context switching o ccurs

when the CPU exits from the SCB and receives a packet. There is no context switching

overhead involv ed owing to pipeline fusioning of the normal data ow pipeline and the

str ongly conne cte d pipeline[19].

Flexibility in Amount of the Context to b e Preserved

Some machines have (1) provided supp ort for automatic preserv ation of register contexts,

and/or (2) decreased the number of general registers in order to reduce the overhead of

context switching. F or example, in J-Machine, there are only 4 general registers, which

are automatically preserved on certain traps.

By contrast, EM-4 has 10 general registers (16 registers total), allowing most of the

computation to b e p erformed in a RISC-like manner. EM-4 do es not provide automatic

register context preserv ation; thus, we must resort to software for register preserv ation. In

ABCL/EM-4, however, we can reduce the amount of necessary context information to b e

preserved to the minimum, since we know when the context switch will o ccur due to the

mutual exclusiveness of the strongly connected mo de. The minimum context information

needed to b e preserved is the address of the ob ject segment and the continuation address

within the class-sp eci�c text.

1

Whether other registers are saved or not up on an exit

from the SCB is decided by the ow analysis p erformed by the compiler.

7.4.2 Overhead Reduction in Remote Message Passing

As stated earlier, the hardware overhead of packet communication is extremely small in

EM-4. How ever, such low communication latency alone do es not reduce the overhead

involv ed in message passings amongst concurrent ob jects in the remote no des.

Another ma jor di�erence b etw een ABCL/EM-4 and previously prop osed architecture-

supp orted OO-language implementations such as Concurrent Smalltalk on the J-

Machine[12, 11] and A-NET[3] is that we attempt to eliminate the memory read/write/copy

overhead of the outgoing and incoming messages as much as p ossible. That is to say ,

whether messages will require bu�ering or not could have signi�cant impact on p erfor-

mance due to ov erheads such as copying and management of the bu�ers.

W e brie y review the implementations of inter-ob ject message passing describ ed in the

previous sections, and explain the rationales b ehind the design choices made, sp eci�cally

why our design ideas incur less overhead compared to the previous implementations.

Here is the summary of the message sending activity

, the pipeline d send, of ABCL/EM-

4:

� The sender no de reserves the message b ox on the receiver no de.

1

In fact, as we have seen in Chapter 6, these are not only stored in the lo cal store, but may also exist

within packets b eing transmit.

57

� The sender evaluates the arguments of the message. As each argument is ev aluated,

its pack et is sent to the prop er (address) lo cation in the message b ox in the receiver

no de. The ev aluation and message send are pip elined.

� The message b ox address is sent to the receiver ob ject. The receiver ob ject may

enqueue the message until it can pro cess the message.

By contrast, here is the summary of the message sending activity of the J-machine:

� The SEND instruction loads message words into the FIFO message bu�er. When

the message is complete (indicated by the SENDE instruction) or the bu�er is full,

the message is sent to a sp eci�ed no de.

� When the message reaches the receiver no de, it is automatically enqueued in one

of the two circular bu�ers (one for each priority level) in that no de. These circular

bu�ers are also used as scheduling queues.

Given the ab ov e characterizations, we now discuss the adv antages of our scheme.

E�cient Management of Message Bu�ers with F reelists

In our scheme, the message bu�ers are managed with the freelist. The message b oxes are

e�ciently allo cated from/deallo cated to the freelist. Recall that the size of message b oxes

is �xed. This of course incurs storage overhead | a space/sp eed tradeo�. In practice,

all is not wasted, since the unused p ortion of a message b ox may b e used for temp orary

v ariables.

Compared to using the hardware circular bu�er as was adopted by the J-machine,

our scheme using the freelist has a great adv antage that c opying of queued messages is

unne c essary. By contrast, for hardware circular bu�er, the message data will have to b e

copied and removed from the circular bu�er into some external bu�er in the following

cases:

� When sche duling other than �rst-c ome-�rst-serve is prefer able. In many classes of

problems, such as discrete event simulation algorithms[14] and search problems,

prop er scheduling of message pro cessing is essential for go o d p erformance.

� When an obje ct cannot pr o c ess the r e c eive d message imme diately. This happ ens

when the ob ject is waiting for the reply message of the previously sent request

message. Consequently

, the messages which are scheduled b efore the reception of

the reply message must b e copied from the circular bu�er. F or real complex parallel

programs, this is often the case.

Reserv ation of Message Boxes

In our scheme, the sender reserves the message b ox prior to the actual sending of the

message data. Although the packet transmissions to allo cate a message b ox may result

58 in some ov erhead, the turnaround overhead is not signi�cant owing to the fast network

architecture.

Without such reserv ation, the receiver no de has to allo cate the message bu�er as fast

as the netw ork sp eed. Usually this requires some sp ecial hardware to allo cate the message

bu�er, and it is di�cult for such hardware to realize the complex allo cation scheme such

as one using the freelist. In our scheme with the reserv ation, allo cation can b e done in

software, which p erforms the complex allo cation without such hardware.

The reserv ation is useful not only for receiving the message but also for sending the

message. That is to say

, since the sender no de can obtain the address of message b ox

prior to the actual sending of the message data, the per-p acket, pip eline d and interruptible

sending of the message data b ecomes p ossible as is describ ed next.

Sending of Message Elements with Per-Pac ket Communication (Pip elined

Send)

EM-4 allows p er-packet sp eci�cation of the address to which the pack et data is to b e

written. This prop erty enables the following pip eline d send: Once the sender gets the

address of the message b ox, it can emit the pack ets as the message expressions are

ev aluated. As a result, (1) the latency of sending of actual message data can b e reduced

b ecause most of the message elements can b e sent into the netw ork b efore the sender

no de gets the complete elements of the message, and (2) message elements can b e sent in

an arbitrary order at arbitrary times; in fact, sending of a single message (consisting of

multiple packets) could b e interrupted in its midst, and interleaved with other message

sends.

On the other hand, in some architectures such as the J-Machine, since the lo cation

where the message will b e stored is not determined up on its sending, once the receiver

no de is sp eci�ed, the rest of the message elements must b e sent continuously

. This will

reduce the size of messages, but has the drawbac k that the message sending cannot b e

interrupted.

2

Our claim is that, non-interruptible messages decreases throughput by requiring lo cal

memory accesses. Let us consider the following example:

[ObjA <= [:MsgA (- n 1) (F un x y) [ObjB <== [:MsgB ]]]]

The ab ove message sending expression contains a function call and an embedded

message sending expression as arguments. In ABCL/EM-4, as so on as each argument is

ev aluated, it is immediately sent to the no de of the target ob ject (ObjA). The evaluation

of the second argument (function call) and the third argument (message send to ObjB)

could or will e�ectively interrupt the sending of the outer message, but this will not incur

any overhead as explained ab ov e. By contrast, in the J-machine, the arguments must b e

saved (or, bu�ered) into memory as they are ev aluated, b ecause of p ossible interruption.

2

It may seem that one could easily simulate the former with the latter; however, in the J-machine, a

message is received by memory (circular bu�er) not registers.

59

At the end of the ev aluations of all the arguments, the results must b e re-read from

memory when they are actually sent. Altogether, the b ene�ts of direct message sending

from the hardware pro cessor would b e lost here; and extensive ow analysis p erformed

by the compiler will only serve as a minor solution.

7.4.3 Comparison to Implementation on Sto ck Multicomputer

There is another implementation work of ABCL, ABCL/onAP1000[24, 35], on a multi-

computer based on conv entional SP

ARC chips (F ujitsu AP1000[13]).

In ABCL/onAP1000, an active message[25] is used for a remote message send, which

is implemented by preparing a collection of message handlers and placing the �rst instruc-

tion address in the message when sending the message. Each handler co de is sp ecialized

for the individual message format, eliminating the runtime check of the message format.

In contrast to the active message on AP1000, our runtime architecture uses the

pip elined send; the adv antages of the pip elined send over the active message on AP1000

are: (1) lo cal bu�ering is not needed at the sender no de, (sending memory bu�er is not

used in ABCL/onAP1000, but the message contents should b e kept as lo cal context,

usually on stack (some of them might b e in registers, but storing into memory is required

on spilling), until the message ev aluation is completed), (2) copying of all message con-

tents is not necessary when enqueuing the message, (3) the latency is reduced by starting

the message send b efore the completion of ev aluation of the message arguments, and

(4) structural data can b e sent easily by reserv ation, while the disadv antage is only the

pre-allo cation cost of message b oxes is necessary

. Note that the advan tage (2) would b e

eliminated by active message supp orted by hardware register reception[25].

3

In ABCL/onAP1000, stack b ase d scheduling[24] is introduced to reduce the overhead of

scheduling queue manipulation as much as p ossible. On the other hand, in ABCL/EM-4,

the overhead of scheduling queue manipulation is eliminated by using the hardware pack et

queue bu�er (At this p oint, EM-4 b elongs to the group of multithreaded architectures).

The stack based scheduling also increases the register utilization e�ects in some cir-

cumstance b ecause it lo cates short live-range data (message) on registers by coupling the

scheduling with the message send. (This scheme shares the same philosophy as the LIU

concept describ ed in Section 8.5.2.) Howev er, it only works in the case where the message

passing is lo cal (namely

, to the same no de) and the receiver ob ject is in the dormant reac-

tive state (namely

, blo cking and waiting for a request message in dormant mo de). On the

other hand, the design of ABCL/EM-4 runtime architecture tries to exploit concurrency ,

where the remote message passing is preferable and, in the situation that the message

is considerably large, b ecomes even faster by using tw o pro cessors (namely the sender

no de and the receiver no de) in parallel. In ABCL/EM-4, a remote/lo cal check of target

no de is omitted; the check is costly

, compared to the remote message passing sp eed of

ABCL/EM-4, b ecause it needs several logic op erations to test the no de num b er (which

3

R WC-1, which is scheduled to build by Real W orld Computing Partnership by 1996, supp orts the

message reception with hardware registers.

60 is enco ded in one word with a lo cal address for an ob ject ID) and a conditional branch

(totally 4 instructions + 1 delay slot is required).

7.4.4 Comparison to Implementation of Pro cedural Lan-

guages

There is another language implementation work in progress on EM-4[21]; there, a sup erset

of the C language, EM-C, augmented with message passing libraries is b eing developed.

W e will do a brief comparison and argue why our approach is faster.

Aside from the fact that pro cedural languages require extensive ow analysis to ex-

tract the inherent parallelism, library-based message sending has a drawbac k of requiring

extraneous memory accessing: according to the language de�nition of C, a function call

is call-by-v alue-based, i.e., all the arguments must b e ev aluated b efore invoking the func-

tion. This requires that the ev aluated arguments to b e stored into memory

, then re-read

in order to p erform a message send. This nulli�es the b ene�t of b eing able to p erform

fast message passing directly from the hardware pro cessor.

Recently

, EM-C provides more elab orate language features, in which global distributed

addr ess spac e is provided[20]. By exploiting this functionality

, EM-C can b e used as a b ack

end of our language to realize the pip elined send. How ever, the shared memory semantics

prevents us from exploiting new register allo cation schemes describ es in Sections 8.5.1

and 8.5.3.

7.4.5 Summary of Comparison to Previous Approaches

Our results in Sections 7.1 and 7.2 indicate that, concurrent message pro cessing for

concurrent ob jects can b e signi�cantly improved over the previous approaches, and as

a result, the COOP languages could serve well in a highly parallel environmen t. W e

b elieve that this claim holds even for the small examples in this thesis. F or example, by

the numbers given in [11], the total num b er of machine cycles for ob ject creation follow ed

by a message send and its reply is estimated to b e well over 200 cycles for the J-Machine,

whereas it is approximately 134 cycles in our case. And, for the reasons we gav e in this

chapter, we further b elieve that the di�erence in actual throughput should increase in

even larger, real-life applications.

The principle b ehind our softw are/hardware architecture is very similar to that of the

current RISC technology | rather than to provide very complex hardware for message

passing that could take hundreds of machine cycles with micro co des, we base ourselves on

a low-level reactive architecture with pack et latency and throughput comparable to intra-

no de pro cessing, and then build an appropriate software architecture with language and

compiler supp ort. Architectures such as J-Machine share our views in many ways, but

as discussed ab ove, our software/hardw are architecture is cleaner/faster by comparison,

allowing us to avoid much of memory op erations, which results in considerable overhead

when the latency of hardware packet architecture is minimized.

61

Chapter 8

The Compiler for EM-4

8.1 Ov erview of Compiler

The compiler of ABCL/EM-4 translates a program written in the source language

ABCL/ST into the corresp onding target co de.

1

Since the abstraction levels of the source

language and the target co de quite di�er, a direct compilation is di�cult. This di�culty

is overcome by intro ducing several language lay ers; each lower level language implements

the functionalities of its one-level higher language. Using such lay ered approaches also

provides p ortability of the compiler; changing the lower level part is only necessary to

p ort it on other target machine architectures.

8.1.1 The Language Hierarch y

The compiler adopts the following language hierarchy:

1. Source Language

2. High-Level Language

3. Middle-Level Language

4. Low-Level Language

5. I-Language

6. Assembly Language

The sour c e language is ABCL/ST, a statically-typed concurrent ob ject-oriented program-

ming language. All the languages from high-level to low-level and I-language roughly

corresp ond to what are called intermediate languages in a traditional simpler compiler

(such as C, Pascal), where the number of intermediate languages may b e fewer than ours

1

The target co de is the most imp ortant comp onent of the runtime architecture for high-p erformance

as is describ ed in Chapter 3.

62 b ecause the abstraction level of source language is not so far from that of the target

language.

The brief descriptions of the rest of the languages are as follows:

� The high-level language is at almost the same level as the source language, and

has the same subtype relation and recursive typ es. The program of the high-level

language is high-level co de, which embo dies the semantics of the source program in

terms of sequential execution with a single thread of control. The high-level co de is

in plan-do style; this new feature is essential in realizing our runtime architecture

for EM-4 (esp ecially for pip elined sends) without loss of machine indep endence of

high-level co de. High-level co de is a sequence of instructions, v ariable declaration

statements, and plan declar ation statements; the lower part of the compiler may

generate eager data transfer co de by interpreting the plan declaration.

� The midd le-level language is roughly at the level of C language; but the midd le-level

co de is also a sequence of instructions and v ariable declaration statements. The lan-

guage has p ointers which can b e used to implement subtyp e relations and recursive

types in the higher level language; i.e., higher level values are also translated into

lower level ones including p ointers. Pointers are also used to implement message

passings. Poin ters (and other v alues) are asso ciated with midd le-level types, and

�eld selection of b oxed value is p erformed with a �eld number rather than an o�set

in memory address space. (They are di�erent b ecause v alues may v ary in size.)

� The low-level language introduces the notion of data size, and p ointers are used in

the sense of memory addresses. The low-level co de is also a sequence of instructions

and v ariable declaration statements which are similar to the middle-level ones but

more low-level. Data in the low-level language are still augmented with low-level

types, which are quite simple and consist of only basic types and no structural ones.

The low-level co de is resp onsible for actual runtime data representation, which

accommo dates an interface and restrictions of the heap management system which

may manage the heap as �xed-size memory b oxes, where a large structure may b e

represented by a tree of memory b oxes.

� The I-language is almost identical to the low-level language; but op co des of I-c o de

instructions are sp ecialized for the corresp onding low-level typ es of its op erands

(like an assembly language). Conv entional optimization schemes, such as data ow

analysis, are p erformed on the I-co de. The I-co de is also used for storage allo-

cation and register allo cation in the co de generation phases. F or this reason, the

I-language is slightly in uenced by the assembly language; for example, a real-

number comparison-branch instruction in low-level language is translated into tw o

instructions in I-language (a real-number comparison and an integer comparison-

branch instruction) for the assembly co de generator to b e able to insert the register

save/load/mo ve instructions just b efore the branch instruction.

63

T able 8.1: Dep endency b etween T ranslators and Runtime Architecture

Co de-Conversion (Data-Conversion)

Source Language ! High-Level Language Indep endent

High-Level Language ! Middle-Level Language Partially Indep endent

Middle-Level Language ! Low-Level Language Dep endent

� The assembly language is the target language of our compiler. The rest of conv ersion

is p erformed by the EM-4 assembler developed at ETL.

All the languages from high-level to low-level are indep endent of the assembly language

(instruction set of the target machine architecture), while some of the languages and some

of the converters (i.e., fragments of the compiler) b etween them dep end on a runtime

architecture tuned for the target machine. The dep endency is summarized in T able 8.1.

The main part of data conversion from high-level to middle-level is indep endent of the

underlying runtime architecture. This part realizes the subtyp e relation in the high-level

language by using middle-level data structures. The details are describ ed in Section 8.2.

The co de conv ersion from high-level to middle-level is not only dep endent on the

underlying runtime architecture, but also is the essential part of our compiler to realize

our high p erformance runtime architecture for EM-4 (esp ecially for pip elined sends).

Details of the conv ersion are describ ed in Section 8.4.

8.1.2 Compilation Phases

In this section, we outline the compilation phases. Figure 8.1 illustrates the phases:

1. First, a source program is parsed; the parser generates a high-level p arse tr e e as a

result. The parser is NOT the main target of developmen t of our compiler; indeed,

we just adopt S-expr ession as a basic syntax of the source language, with which

the parsing is quite simple. An additional front end which adopts a more elab orate

syntax can easily b e realized with familiar to ols, such as lex and yacc.

2. Type checking is p erformed on the high-level parse tree; as a result, types are

assigned to all v ariables and expressions. The details of our type system and type

checking algorithm are describ ed in Chapter 5.

3. The type-check ed high-level parse tree is conv erted into the high-level c o de. As is

describ ed in the previous section, the high-level co de is plan-do style co de. The

co der may introduce an adequate number of plans with destinations, temp orary

variables, and jump-lab els to convert a tree into sequential co de. The compilation

of pattern matching into the table lo ok-up co de is also p erformed via this conversion.

The details of the high-level co de are describ ed in Section 8.3.

4. The high-level co de is translated into the midd le-level co de. As is describ ed ear-

lier, the data translation realizes the subtype relation in high-level language using

64

# Source Program

Parser

# High-Level Parse T ree

Typ e Check er

# Typ e-Checked High-Level Parse T ree

Co der

# High-Level Co de

Middle-Level Converter

# Middle-Level Co de

Low-Level Converter

# Low-Level Co de

I-Level Converter

# I-Co de

Data ow Analyzer

# Data ow Analyzed I-Co de

Storage Allo cator

# Storage Allo cated I-Co de

Register Allo cator

# Storage/Register Allo cated I-Co de

Assembly Co de Generator

# Assembly Co de

Assembly Co de Optimizer

# Assembly Co de

Figure 8.1: Compilation Phases

65 middle-level data structure, and the midd le-level converter implements our high

p erformance runtime architecture for EM-4 (esp ecially for pip elined sends) by in-

terpreting the high-level plan-do style co de. The principle of plan-do style is that

the declar ation of an action (plan) prior to its actual execution (do) provides the

advance d (future data ow) information. This information helps the middle-level

converter choose the middle-level co de to implement the high-level semantics. The

details of the data translation and co de translation are describ ed in Section 8.2 and

Section 8.4, resp ectively .

5. The middle-level co de is translated into the low-level c o de. The low-level converter

maps middle-level data representation onto low-level data representation which is

the actual runtime data representation based on the interface with the heap man-

agement system.

6. The low-level co de is translated into I-co de.

7. The data ow analyzer examines the I-co de and pro duces lifetime information of the

variables.

8. Storages are allo cated to v ariables. The storage al lo c ator tries to compact the

storage area as muc h as p ossible by means of so called gr aph coloring using lifetime

information provided by the data ow analysis. A storage allo cated for a variable

is used as a home p osition of the variable. Note that some home p ositions are

previously allo cated by the low-level conv erter, in order to minimize the amount of

register context (See Section 8.5.1).

9. Registers are allo cated to v ariables. The re gister al lo c ator tries to allo cate as many

registers to variables as p ossible, using lifetime information and register constraint.

V alues spilt from registers are kept by the corresp onding home p ositions. W e do

not employ graph coloring for register allo cation; we rather use a more optimal

algorithm, where the spilled v alue is what is used farthest in the future. Let us

call it the L e ast Imme diately Used (LIU) algorithm by analogy with Le ast Re c ently

Used (LRU) algorithm. W e will present the details in Section 8.5.

10. The assembly co de generator pro duces assembly co de from the storage/register al-

lo cated I-co de. This translation is easy b ecause the EM-4 pro cessor has RISC-like

instruction set, where an I-co de instruction simply corresp onds to a sequence of

assembly co de instructions.

11. The assembly c o de optimizer p erforms p eephole optimization on the EM-4 assembly

co de, which includes: (1) elimination of redundant ‘nop’ instruction, (2) long/short

branch optimization, etc.

66

8.2 Realizing Subt yp e Relation with Small Over-

head

The high-level datum has a mapping to the corresp onding middle-level data structure.

In this section, we prop ose the mapping which realizes the subtyp e relation b etween high

level data with small ov erhead.

A naive implementation of subtype relation may use large tables whose size is equal

to the num b er of all sorts of injection (or message or metho d) which app ear in the

source program. Let N b e the num b er of sorts. On a lo ok-up, it needs only O (1) time

complexity but it needs O (N ) space complexity

. Another naive implementation may use

an asso ciative list or a binary search algorithm; they would reduce the space complexity

to O (M ) (Let M b e the number of injection tags which may app ear in the currently

examined disjoint-union type v alue), but their time complexity would increase to O (N )

or O (log N ). Hash search algorithms may improv e the time complexity to O (1); but its

co e�cient is still large.

W e prop ose an implementation scheme where the time complexity of a lo ok-up is O (1)

and the space complexity is slightly more than O (M ) (the precise number is given by

function maxidx describ ed later), where the lo ok-up is p erformed as a very fast op eration,

dir e ct indexing oper ation of table.

8.2.1 Representation of Disjoint-Union Typ e

First, we examine the following disjoint-union typ es:

(deftype weekday (union [:mon] [:tue] [:wed] [:thu] [:fri]))

(deftype weekend (union [:sat] [:sun]))

(deftype week (union weekday weekend))

The subtyp e relation among them can b e represented as the following tree:

week

weekday weekend

[:mon] [:tue] [:wed] [:thu] [:fri] [:sat] [:sun]

In the ab ov e �gure, each typ e is a subtype of its connecting upp er ones; for example,

[:mon] is a typ e which has only one element [:mon], and a subtype of weekday and

week.

Let xw b e a variable of typ e week, xwd b e a v ariable of type weekday, and xwe b e

a v ariable of type weekend. xwd may b e used for p attern matching in the following

expression:

67

(match xwd

(=> [:mon] ...)

(=> [:tue] ...)

(=> [:wed] ...)

(=> [:thu] ...)

(=> [:fri] ...))

T o realize the pattern matching, the v alue of xwd must b e distinguished for each keyword.

W e use an index for this purp ose. The domain of an index is a contiguous subset of non-

negative integer; it is from 0 to n for a non-negative integer n. F or xwd, the index ranges

from 0 to 4, and ‘0’ represents [:mon], ‘1’ represents [:tue] and so on. Similarly

, for xwe,

the index ranges from 0 to 1, and ‘0’ represents [:sat], ‘1’ represents :sun. Howev er,

for xw, it would range from 0 to 6, and ‘5’ would represent [:sat], which is represented

by ‘0’ in the case of xwe. Thus, we can see a problem that the representation of [:sat]

di�ers b etw een xw and xwe. T o solve this problem, when we p erform an assignment:

[xw := xwe]

the index value must b e shifted up (i.e., 0 7! 5, 1 7! 6). This can b e p erformed by a

quite simple op eration which just adds 5 to the index value. W e call this adding v alue

(i.e., 5) index adjustment value.

This mechanism can b e generalized: a disjoint-union typ e is either a disjoint-union

type symbol (denoted by s) or a keyword type (denoted by k � ). The index range

of a disjoint-union typ e symb ol s is constructed by concatenating all the ranges of its

union elements (used by union op eration) fu

1

; u

2

; : : : ; u

n g(= F

s

(s)), where the order of

the union elements must b e consistent everywhere in the language system; the order for

union op eration in the source program sp eci�ed by the programmer is used by our current

compiler. On the other hand, the index range of a keyw ord type is just from 0 to 0. The

number of elements in an index domain is given by the following function which maps a

disjoint-union type to an integer:

maxidx (s) =

X

u

0

2F

s

(s) maxidx (u

0

)

maxidx (k � ) = 1

This function gives the size of lo ok-up table, which is the space complexity of the lo ok-up

(pattern matching) op eration.

Now, the index adjustment v alue, when we use a value of a disjoint union type (a

source type) as a v alue of its sup ertype (a target disjoint-union typ e), is given by the func-

tion index-di� de�ned b elow, which is a multi-v alued function (i.e., returns multiple in-

tegers) from a pair of hsourc e disjoint-union type, tar get disjoint-union type i. index-di�

is derived by the following rules:

index-di� (u; u) = 0:

index-di� (u

s

; u

j

) = i; F

s

(s

d

) = fu

1

; u

2

; : : : ; u

n g = )

index-di� (u

s

; s

d

) = i + j �1

X

k =1 maxidx (u

k

) (1 � j � n):

68 index-di� returns multiple v alues only when the source disjoint-union type app ears more

than once during the decomp osition of the target disjoint-union type, where decomp o-

sition means recursive application of F

s to disjoint-union type symbols started from the

target disjoint-union type. Any of the returned multiple v alues can b e used as the index

adjustment v alue. The compiler may cho ose the smallest one, b ecause some machines

(including EM-4) have quick addition instruction for small integers.

When the compiler generates a lo ok-up table for pattern matching (by case expression)

of disjoint-union type data, the multiple integers returned by index-di� are also used to

determine the entry lo cations on the table for each pattern. (There might b e multiple

table entries for a single pattern.)

So far, we have examined indices, but the v alue of disjoint-union type has a carried

v alue other than the index. W e introduce pointers to hold the rest of the v alue; i.e., a

disjoint-union typ e datum is represented by a pair hp ointer, index i. The indirection by

p ointer is required for standardizing the representation, b ecause the rest of the data may

v ary (in the ab ove example, all the carried v alues are just 0-tuple, but it is not the general

case).

8.2.2 Representation of Ob ject Typ e

In this section, we discuss the representation of ob ject types. An ob ject id, whose type

do es not hav e subtyp e relation, is just represented by a single ob ject id; but an ob ject id,

whose type has subtype relation with others, should b e represented in a more elab orate

way .

The subtype relation among ob ject types is reverse relation of their message types.

F or example, subtyp e relation among (obj [:mon]), (obj [:tue]), (obj [:wed]),

(obj [:thu]), (obj [:fri]), (obj [:sat]), (obj [:sun]), (obj weekday), (obj

weekend), and (obj week) is as follows:

(obj [:mon]) (obj [:tue]) � � � (obj [:fri]) (obj [:sat]) (obj [:sun])

(obj weekday) (obj weekend)

(obj week)

Let osun b e a v ariable of type (obj [:sun]), owd b e a variable of type (obj

weekday), owe b e a v ariable of typ e (obj weekend), and ow b e a variable of typ e (obj

week). The ob ject to which ow is b ound may p erform the following pattern matching:

(wait-for

(=> [:mon] ...)

(=> [:tue] ...)

(=> [:wed] ...)

69

(=> [:thu] ...)

(=> [:fri] ...)

(=> [:sat] ...)

(=> [:sun] ...))

Since the type of ow is a subtyp e of the type of owe, the following assignment is p ermit-

ted:

[owe := ow]

After this assignment, the ob ject to which owe is b ound is equal to the one to which ow

is b ound, and the following message send is also p ermitted:

[owe <= [:sun]]

The index of [:sun] is 1, b ecause owe’s type is (obj weekend) and its message type

should b e weekend. However, the required index v alue is 6, b ecause the actual ob ject

receives the message as week type.

T o solve this problem, the index adjustment is necessary b efore the message

send. Generally

, this conv ersion can b e p erformed with a type conversion (iden-

tity) function; the function may b e denoted by fn x => x : weekend -> week in

ML.

2

The function is with the ob ject id and is applied to the message b efore an ac-

tual message send. Thus the representation of a high-level ob ject id can b e a pair

hlow-level obje ct id, type conversion function i.

Moreover, the type of owe is a subtype of the type of osun; the following assignments

and message send are p ermitted:

[owe := ow]

[osun := owe]

[osun <= [:sun]]

In this case, the adjustment should b e p erformed by a comp osition function of (1)id:

[:sun] -> weekend and (2) id :weekend -> week; (2) is a part of owe. Thus, for [osun

:= owe], the type conversion function for osun should b e newly comp osed of (1) and (2).

If the typ e conversion function is represented by a usual function, such as co de blo ck

lo cation, each message send will su�er an extra ov erhead of function inv o cation. T o avoid

this ov erhead, we would like the function to b e represented by (a set of ) index adjustment

v alue(s); this is p ossible, if the following condition is satis�ed (Let �

s b e the input type of

the type conversion function and �

d b e the output type of the typ e conversion function):

The source of the subtype relation b etween �

s and �

d includes only the subtype

relation b etw een disjoint-union types, where, by \source", we mean the set of

applied axioms to prove the subtyp e relation b etw een �

s and �

d

(in short, the

leaf set of the pro of tree).

2

T o put it more precisely

, the actual target type of the type conversion function may b e a sup ertype

of week. But we supp ose that the type is week in this section for simplicity .

70 hMLrepr i ::= (hMLtype i; : : : ; hMLtype i) j [hMLr epr i; : : : ; hMLrepr i]

hMLtype i ::= hMLb i j MLidx j MLuptr j MLkptr(hMLrepr i) j hMLimptyp e i

hMLb i ::= MLint j MLreal j MLb o ol

Figure 8.2: Syntax of Middle-Level Typ e

Examples are [:sun] -> weekend, weekend -> week, [[:sun] weekend] -> [week

week], etc. This representation also improves the sp eed of comp osition of functions

signi�cantly; for example, the comp osition of (1)id: [:sun] -> weekend and (2) id

:weekend -> week can b e p erformed just as an integer addition of their index adjust-

ment v alues. F or this reason of e�ciency

, as is describ ed in Chapter 5, we restrict the

application of co ercing rules, such as the one b etween int and real.

Next, let us consider typ es (obj (obj week)) and (obj (obj weekend)). (obj

(obj weekend)) is a subtype of (obj (obj week)). W e need a new adjustment v alue

to adjust index adjustment value; it may b e called \index adjustment value" adjustment

value. But we can see that all these adjustment values and index values are non-negative

(small) integers; we use a middle-level data type, MLidx, as a typ e of v ariables to hold

these v alues.

8.2.3 General Representation

The previous two sections describ ed how to use indices to implement the subtype relation

in high-level language. This section gives the general representation of high-level datum

by middle-level data structure.

The middle-level typ e, hMLtyp e i, is given by the syntax in Figure 8.2

A middle-level representation, hMLr epr i, represents a high-level typ e. The represen-

tation uses two kinds of parenthesis [] and (). Using tw o kinds of parenthesis is just

to make it easier for middle-level co de to implement high-level �eld selection. A rep-

resentation parenthesized by [] denotes a high-level tuple type. On the other hand, a

representation parenthesized by () denotes a high-level type other than tuple type, whose

v alue can not b e decomp osed in terms of high-level �eld selection.

hMLimptype i is not sp eci�ed ab ov e, b ecause it is not essential to implement subtype

relation but is essential to implement message passings for the underlying runtime ar-

chitecture; thus, the complete de�nition may v ary in di�erent implementation schemes

for message passings. hMLimptyp e i for our runtime architecture for EM-4 is describ ed in

Section 8.4.

71

The following function Repr maps the high-level type onto middle-level representation:

R epr (>) = ()

R epr (?) = no such case

R epr (int) = (MLint)

Repr (real) = (MLreal)

R epr (b o ol) = (MLb o ol)

R epr (c) = IMPoptr (� )

R epr (s) = (MLuptr; MLidx)

R epr (k � ) = (MLkptr(R epr (� )); MLidx)

R epr ((�

1

; : : : ; �

n

)) = [R epr (�

1

); : : : ; R epr (�

n

)]

Repr (ob j � ) = IMPoptr (� ) + +Idxlist (Getnum-idx (� ))

R epr (@ � ) = IMPrptr (� ) + +Idxlist (Getnum-idx (� ))

Repr (qp os � ) = IMPqpos (� )

where +

+ is an in�x op erator which concatenates two middle-level representations paren-

thesized by (). qp os � is a type of p ointers to messages of type � in the ob ject’s message

queue. This type is used to implement wait-for and script commands as is describ ed

in Section 8.3.4.

F or the same reason as hMLimptyp e i, the external functions, IMPoptr , IMPrptr ,

and IMPqpos , also dep end on the implementation scheme for message passings; their

de�nition is deferred to Section 8.4.

Idxlist (n) returns a middle-level representation parenthesized by () which includes n

middle-level types of MLidx:

Idxlist (0) = ()

Idxlist (n) = (MLidx) + +I dxl ist(n � 1)

Getnum-idx (� ) returns the number of adjustment v alues which are necessary to con-

vert � into its p ossible sup ertype. F or this reason, the number returned by Getnum-idx (� )

is equal to the number of MLidxs which app ear in R epr (� ) but not in the part generated

by the external functions IMPoptr , IMPrptr , and IMPqpos . Getnum-idx is de�ned as:

Getnum-idx (>) = 0

Getnum-idx (b) = 0

Getnum-idx (c) = 0

Getnum-idx (s) = 1

Getnum-idx (k � ) = 1 + Getnum-idx (� )

Getnum-idx ((�

1

; : : : ; �

n

)) =

P

n

i=1

Getnum-idx (�

i

)

Getnum-idx (ob j � ) = Getnum-idx (� )

Getnum-idx (@ � ) = Getnum-idx (� )

The middle-level representation given by R epr is sightly redundant b ecause some

indices are constant; indices for keyword typ es are alwa ys 0. The following function

72

Ar epr improv es R epr at this p oint and can b e used instead of R epr :

Ar epr (>) = ()

Ar epr (int) = (MLint)

Ar epr (real) = (MLreal)

Ar epr (b o ol) = (MLb o ol)

Ar epr (c) = IMPoptr (� )

Ar epr (s) = (MLuptr; MLidx)

Ar epr (k � ) = (MLkptr(Ar epr (� )))

Ar epr ((�

1

; : : : ; �

n

)) = [Ar epr (�

1

); : : : ; Ar epr (�

n

)]

Ar epr (ob j � ) = IMPoptr (� ) + +Idxlist (Getnum-idx (� ))

Ar epr (@ � ) = IMPrptr (� ) + +Idxlist (Getnum-idx (� ))

Ar epr (qp os � ) = IMPqpos (� )

8.3 Con v erting in to Sequential Co de

This section brie y describ es the high-level co de. The high-level co de is machine inde-

p endent high-level sequential co de, which gives the high-level semantics to the program

in the sense of sequential execution with a single thread of control.

Rather than a direct translation from the high-level parse tree into the middle-level

co de, we divide the translation by interp osing the high-level co de. The conversion from

the tree into the high-level co de is a common part of di�erent translations from the tree

into the middle-level sequential co de, including: (1) introducing lab els for conditionals,

(2) compacting pattern matching, etc. This separation increases the mo dularity of the

compiler.

8.3.1 Plan-Do Style Co de

The high-level co de should contain certain amount of data ow information to realize eager

data transfer at the low er-level. The data ow information is actually needed, rather than

for co de optimization, for more basic compilation pro cess | co de conversion (generating

lower-lev el co de from higher-level co de). The information includes (when �xing a v alue

v ): (1) whether or not v is used eventually

, (2) which ob ject will use v , (3) to which

lo cation on memory v will b e �nally stored, etc. Esp ecially (2) and (3) are indisp ensable

to realizing the pip elined sends describ ed in Chapter 6.

The plan-do style co de satis�es the requirement describ ed ab ove also provides ad-

ditional b ene�t for the compilation pro cess itself. This subsection brie y describ es the

plan-do style co de; the imp ortant e�ect of using plan-do style (i.e., realizing eager data

transfer, such as pip elined sends) will b e demonstrated when the plan-do style co de is

interpreted by the lower-lev el part of the compiler, which is demonstrated in Section 8.4.

The basic idea b ehind plan-do style is that (1) the plan-p art (i.e., plan declaration

part) provides data ow information, and (2) the do-p art (i.e., plan execution part) pro-

vides control- ow information. The plan-do style co de embo dies the semantics of the

73 source program in terms of sequential execution with a single thread of control, and also

provides data ow information without loss of machine indep endence of high-level co de.

The b ene�ts of the plan-do style are: (1) it takes a stream form instead of an arbitrary

graph structure, and (2) interlea ving of plan declaration and plan execution is p ossible.

Thus, it allows combining of several compilation phases into one pass (or alternatively ,

pip elined parallelization of the compilation phases).

There are compilation targets for which the plan-do style co de is sp ecially suitable,

which are the expressions representing natural data ow information; using the plan-do

style co de makes it p ossible to extract and represent the information without costly ow

analysis.

Let us start with a brief example. First, consider the following ABCL/ST source

program:

[obj1 <= [:msg1 x (+ i 1)]]

where we assume that x is of real type, i is of int typ e, obj1 is of (obj mset1) typ e

(it means the ob ject can accept a message of type mset1.), and mset1 is a disjoint-union

type whose elements contain (:msg1-*-* [real int]) type (:msg1-*-* is an injection

tag, and the tuple type [real int] is the type of its carried v alue.). This program

fragment in ABCL/ST denotes a request message passing to ob ject obj1, whose message

is comp osed by an injection tag :msg1-*-* and a real num b er x and an integer i+1.

This program would b e conv erted into the following type-check ed high-level parse

tree:

(request-send top

((varref (obj mset1) (obj1))

(inject mset1

(:msg1-*-* (make-tuple [real int]

((varref real (x))

(+ int ((varref int (i)) (const int (1))))))))))

Here, the tree is represented in the following grammar

3

:

hsyntax tre e i ::= (hc onstruct i htyp e i (f fhsubtr e e ig g))

hsubtre e i ::= hsyntax tre e i j hvariable id i j hc onst i j hkeywor d i � � �

Here, f fg g denotes more than zero rep etition.

This tree would b e converted into the following high-level co de:

(newplan (p1 (d1 (obj mset1)) (d2 mset1)) (request-send))

(throw obj1 d1)

(newplan (p2 (d3 [real int])) (inject :msg1-*-* d2))

(newplan (p3 (d4 real) (d5 int)) (make-tuple d3))

3

Here, we use a grammar based on the so-called syntax tre e rather than parse tre e to represent the

tree for short.

74 hplan decl i ::= (newplan (hplan id i hdest decl i) (initialize hvariable id i)) j

(newplan (hplan id i hdest decl i) (update hl-exp i)) j

(newplan (hplan id i hdest decl i) (dist f fhdest id ig g)) j

(newplan (hplan id i f fhdest decl ig g) (make-tuple hdest id i)) j

(newplan (hplan id i hdest decl i) (inject hkeyword i hdest id i)) j

(newplan (hplan id i hdest decl i) (out hdest id i)) j

(newplan (hplan id i hdest decl i) (get-part h�eld number i hdest id i))

hdest de cl i ::= (hdest id i htyp e i)

hl-exp i ::= (var hvariable id i) j (part h�eld number i hl-exp i) j (tuple f fhl-exp ig g)

Figure 8.3: The Syntax of Plan Declaration (Data T ransfer/Construct/Selection Part

Only)

(throw x d4)

(newplan (p4 (d6 int) (d7 int)) (arith3 + d5))

(throw i d6)

(throw 1 d7)

(do p4 p3 p2 p1)

(newplan (p1 (d1 (obj mset1)) (d2 mset1)) (request-send)) declares plan p1

with destinations d1 and d2. By ‘destination’, we mean an argument of the plan (which

corresp onds to a data ow arc in the terminology of data ow mo del). The plan is to send

a r e quest message to a target ob ject. The target ob ject’s name is given by throwing the

name to d1, whose type is (obj mset1). By ‘throwing’, we mean that a v alue is passed

as an argument for a plan. The v alue of request message is given by throwing the v alue

to d2, whose type is mset1.

(throw obj1 d1) throws the v alue of obj1 to the destination d1. (do p1) carries

out the plan p1.

Similarly

, (newplan (p2 (d3 [real int])) (inject :msg1-*-* d2)) declares plan

p2 to (1) construct a tagged v alue by injecting the v alue thrown to d3 with an injection

tag :msg1-*-* then (2) throw the tagged v alue to d2. (newplan (p3 (d4 real) (d5

int)) (make-tuple d3)) declares plan p3 to (1) make a tuple of values thrown to d4

and d5 then (2) throw the tuple to d3. (newplan (p4 (d6 int) (d7 int)) (arith3

+ d5)) declares plan p4 to (1) add v alues thrown to d6 and d7 then (2) throw their sum

to d5.

Figure 8.3 shows a part of the syntax of plan declaration.

The translation of the parse tree into the plan-do style co de is straightforw ard: when

the (recursive) translation function reaches a certain tree no de, b efore the translation of

the subtree, it declares the plan for the current no de, and after the translation of the

subtree, it ‘executes’ the plan.

75

8.3.2 Standard Interpretation of Plan-Do Style Co de

This section brie y summarizes a standard and trivial interpretation of plan-do style co de

for later discussion; this interpretation adopts a plenty of temp orary v ariables, and keeps

itself at the high-level. How ever, such an interpretation would not exploit the p ossible

pip elined send capabilities of the underlying architecture. An alternative interpretation

developed for eager data transfer is presented in Section 8.4.

The trivial interpretation is as follows:

1. A plan declaration, such as (newplan (p1 (d1 int) (d2 int)) (arith3 +

d0)), is interpreted just as declaration and no actions are p erformed. A destination

is interpreted as a temp orary variable; declaration of destinations is interpreted as

declaration of temp orary variables.

2. (throw hvalue i d1) is interpreted as an assignment of the value to the temp orary

variable that is denoted by d1.

3. (do p1) is interpreted as an actual execution of the plan p1. When the plan was

declared by (newplan (p1 (d1 int) (d2 int)) (arith3 + d0)), the interpre-

tation of (do p1) would assign the sum of v alues of temp orary v ariables d1 and d2

to the temp orary variable d0.

8.3.3 Imp erative Up dates

The left hand side of an assignment remains in the plan-do co de as it is:

[(part1 (part2 x)) := (+ i 1)]

The syntax tree would b e:

(setf int

((part int (1 (part [int real] (2 (varref [int [int real]] (x))))))

(+ int ((varref int (i)) (const int (1))))))

The high-level co de would b e:

(newplan (p1 (d1 int)) (update (part 1 (part 2 (var x)))))

(newplan (p2 (d2 int)) (dist d1 d0))

(newplan (p3 (d3 int) (d4 int)) (arith3 + d2))

(throw i d3)

(throw 1 d4)

(do p3 p2 p1)

As we can see, for the left hand side of imp erative up date op eration, the plan-do style

is not used. This is b ecause up dates of writable v ariables can not usually advance the

timing of the up date for consistency .

76

8.3.4 Pattern Matching and V ariable Binding

This section describ es the capability of high-level co de for v ariable binding and pattern

matching compilation. These are common tasks to convert the high-level tree into se-

quential co de. The characteristic of the co de describ ed b elow provides an opp ortunity of

register allo cation as is describ ed in Section 8.5.1.

The example is as follows:

(wait-for

(=> [:msg1 r i]

[s := (+ s r)]))

The syntax tree would b e:

(wait-for real

(((inject mset1

(:msg1-*-*

(make-tuple [real int]

((varref real (r)) (varref int (i))))))

(progn

real

((setf real

((varref real (s))

(+ real ((varref real (s)) (varref real (r)))))))))))

The high-level co de is shown in Figure 8.4. (newtmp t1 (qpos mset1)) declares a tem-

p orary v ariable t1 of type (qpos mset1); t1 is a p ointer to the current message in

the ob ject’s message queue. (newplan (p1 (d1 (qpos mset1))) (initialize t1))

declares plan p1 to initialize t1 with the value thrown to d1.

The compilation result of a pattern matching consists of the following binding state-

ments:

(case-bind hvariable id i (f f(hkeywor d i (hvariable id i htyp e i) hlab el id i)g g) hlabel id i)

(tuple-bind hvariable id i (f f(hvariable id i htype i)g g))

(bind hvariable id i (hvariable id i htype i))

The case-bind statement (1) matches the keyw ords (listed in the second argument) for

the injection tag of its �rst argument (of course, of which type must b e a disjoint-union

type) and (2) branches to the corresp onding lab el with the corresp onding newly declared

read-only variable which is b ound to the carried value of the �rst argument. If there

are no keywords for matching, it branches to the lab el given as the third argument.

The tuple-bind statement binds the newly declared read-only variables (listed in the

second argument) to the corresp onding tuple elements of its �rst argument (of course, of

77

(newtmp t1 (qpos mset1))

(newplan (p1 (d1 (qpos mset1))) (initialize t1))

(newplan (p2) (get-qhead d1))

;; plan to lo c ate queue p ointer ‘t1’ at the he ad of message queue

(do p2 p1)

L0:

(newplan (p3 (d2 (qpos mset1))) (update (var t1)))

(newplan (p4 (d3 (qpos mset1))) (next-qpos d2))

;; plan to lo c ate queue p ointer ‘t1’ at the next loc ation of message queue

;; if the message for the next lo c ation is not available, wait for it

(throw t1 d3)

(do p4 p3)

(bind-msg t1 (t3 mset1)) ;; ‘t3’ is bound to the message at ‘t1’

(case-bind t3 ((:msg1-*-* (t4 [real int]) L1)) L2) ;; pattern matching

L1:

(tuple-bind t4 ((t5 real) (t6 int)))

(bind t5 (r real))

(bind t6 (i int))

(newplan (p7 (d6 (qpos mset1))) (delete))

;; plan to delete the message at ‘t1’ from the message queue

(throw t1 d6)

(do p7)

(newplan (p8 (d7 real)) (update (var s)))

(newplan (p9 (d8 real)) (dist d7 d0))

;; ‘d0’ is the destination for the value of the whole ‘wait-for’ expr ession

(newplan (p10 (d9 real) (d10 real)) (arith3 + d8))

(throw s d9)

(throw r d10)

(do p10 p9 p8)

(go L3)

L2:

(go L0)

L3:

Figure 8.4: High Level Co de for wait-for

78 which typ e must b e a tuple typ e), while bind statement binds the newly declared read-

only v ariable of its second argument to the v alue of its �rst argument. Here, the newly

declared v ariables (pattern v ariables) are read-only v ariables; this characteristic provides

an opp ortunity of adv anced register/storage allo cation as is describ ed in Section 8.5.1.

8.4 Realizing Pip elined Sends

This section presents our compilation metho d for realizing eager data transfer, such as

pip elined sends describ ed in Chapter 6, by interpreting high-level plan-do style co de.

The principle of plan-do style is that the declar ation of an action (plan) prior to its

actual execution (do) provides the advance d (future data ow) information. This infor-

mation helps the middle-level converter choose the middle-level co de to implement the

high-level semantics. The example information provided by the plan-do style co de include

(when �xing a v alue v ):

1. Whether or not v is used eventually ,

2. Which ob ject will �nally use v ,

3. Into which lo cation on memory v will b e stored �nally .

Esp ecially 2. and 3. are indisp ensable to realizing the pip elined send.

8.4.1 Data Representation for Pip elined Sends

W e have prop osed the middle-level data representation for subtype relation in Sec-

tion 8.2.3. This section gives the unsp eci�ed p otion of the middle-level representation to

implement message passings.

The middle-level type, hMLtype i, is given by the syntax in Figure 8.5, which app ends

the de�nition of hMLimptyp e i to the syntax of middle level type which already app ear in

Figure 8.2.

Recall that a middle-level representation, hMLr epr i, represents a high-level type. The

representation uses two kinds of parenthesis [] and (). Using two kinds of parenthesis is

just to make it easier for middle-level co de to implement high-level �eld selection. A

representation parenthesized by [] denotes a high-level tuple type. On the other hand, a

representation parenthesized by () denotes a high-level type other than tuple type, whose

v alue can not b e decomp osed in terms of high-level �eld selection.

The write p ointers (MLowptr(), MLkwptr(), MLrqstwptr(), MLrplywptr()) are

essential to our runtime architecture; they are used to p oint to ob jects, b oxes for carried

v alues of disjoint-union typ e data, message b oxes for request sends, message b oxes for

reply sends, resp ectively

, during their initialization. Compiler generated (middle-level)

co de (not runtime kernel co de) is resp onsible for memory allo cation/initialization. The

pro cess of initialization is pip elined and interruptible (can b e interleaved with other

79 hMLr epr i ::= (hMLtyp e i; : : : ; hMLtype i) j [hMLrepr i; : : : ; hMLr epr i]

hMLtyp e i ::= hMLb i j MLidx j MLuptr j MLkptr(hMLr epr i) j hMLimptype i

hMLb i ::= MLint j MLreal j MLb o ol

hMLimptyp e i ::= MLoptr j MLowptr(hMLr epr i) j

MLqp os j

MLkwptr(hMLrepr i) j

MLrqstptr(hMLrepr i) j MLrqstwptr(hMLr epr i) j

MLrplyptr(hMLrepr i) j MLrplywptr(hMLr epr i)

Figure 8.5: Syntax of Middle-Level Type for ABCL/EM-4

initialization pro cesses). When the initialization completes, the write p ointer is converted

into the read p ointer.

The distinguish of write p ointers and read p ointers is necessary for converting them

into low-lev el representation, where a middle-level memory blo ck may b e represented by

a tree of (�xed-size) memory b oxes, and the read p ointer may b e represented by one word

p ointer to the ro ot b ox and the write p ointer may b e represented by several words to all

the b oxes, b ecause we want all the read p ointers to have the same size, while the write

p ointers can b e larger size to improv e initialization sp eed.

The following function de�nitions are used to sp ecialize the de�nition of R epr and

Ar epr in Section 8.2.3.

IMPoptr (� ) = (MLoptr)

IMPrptr (� ) = (MLoptr; MLrplywptr(Repr (� )))

IMPqp os (� ) = (MLqp os)

Examples are:

Ar epr (ob j s) = (MLoptr; MLidx)

Ar epr (@ int) = (MLoptr; MLrplywptr(MLint))

The �rst one is a typical representation of ob ject names, and the second one is a typical

representation of reply destinations.

8.4.2 Alternative Interpretation of Plan-Do Style Co de for

Pip elined Sends

This subsection describ es the compilation pro cess for realizing pip elined sends, by in-

terpreting the high-level plan-do style co de. First, we will take a simple message send

example to illustrate the ow of compilation:

[obj2 <= [(+ i 1) (+ j 2)]]

80

This program fragment in ABCL denotes a request message passing to ob ject obj2,

whose message is a tuple of an integer i+1 and an integer j+2. This source program is

converted into the following plan-do style co de:

(newplan (p1 (d1 (obj [int int])) (d2 [int int])) (request-send))

(throw obj2 d1)

(newplan (p2 (d3 int) (d4 int)) (make-tuple d2))

(newplan (p3 (d5 int) (d6 int)) (arith3 + d3))

(throw i d5)

(throw 1 d6)

(do p3)

(newplan (p4 (d7 int) (d8 int)) (arith3 + d4))

(throw j d7)

(throw 2 d8)

(do p4 p2 p1)

Figure 8.6 shows the translation function T r from the high-level co de into the middle-

level co de. Here, when hc o de is high-level plan-do style co de, T r [ [hc o de ]

] (p env ; d env )

returns the middle-level co de in the context of the plan environmen t p env and the desti-

nation environmen t d env . p env is a function from a set of plan identi�ers (ranged over by

p) to plan de�nitions (p corresp onds to a data ow no de in terms of the data ow mo del).

d env is a function from a set of destination identi�ers (ranged over by d) to pairs of p and

integers (ranged over by i). (d stands for i-th data ow arc to p in terms of the data ow

mo del.) Note that, in Figure 8.6, typ e information is omitted for simplicity .

T rnsfr [ [v

l

; ; lf ; d]

] (p env ; d env ) returns a fragment of middle-level co de which trans-

fers a v alue v

l to a �eld of destination d; the �eld is selected by the high-level �eld number

list and the middle-level �eld number lf . In contrast to the standard interpretation of

plan-do style co de describ e in Section 8.3.2, the results of T rnsfr are signi�cantly in u-

enced by the data ow context of (p env,d env) in order to select the eager data transfer

instructions under certain conditions.

In Figure 8.6, for a function f , \f fx 7! y g" denotes the function f

0

such that

Dom (f

0

) = Dom (f ), f

0

(x) = y and f

0

(x

0

) = f (x

0

) for all x

0

2 Dom (f ) � fxg. By

\h :: r ", \::" denotes consing of the head h and list r , and \[a; b; c]" denotes the list

consisting of a, b, and c. By \l

1

@ l

2

", \@" denotes the concatenation of tw o lists l

1 and

l

2

.

The translation function basically translates the high-level co de in the following way:

� F or a plan declaration, it memorizes the plan and destinations in the environment

p env and d env . New v ariable identi�ers for middle-level co de will b e intro duced if

necessary .

� F or a plan execution, it generates a co de fragment for �nishing the plan, then if

the result v alue has not b een eagerly sent, it generates data transfer instructions

by calling the T rnsfr function.

81

T r [ [(newplan p

1 d

1 d

2

(req-send)) :: r ]

] (p env ; d env ) =

T r [ [r ]

] (p env fp

1

7! req-send(t

1

; t

2

; t

3

)g; d env fd

1

7! (p

1

; 1); d

2

7! (p

1

; 2)g)

(t

1

, t

2

, t

3 new)

T r [ [(newplan p

1 d

1 d

2

(make-tuple d

3

)) :: r ]

] (p env ; d env ) =

T r [ [r ]

] (p env fp

1

7! make-tuple(d

3

)g; d env fd

1

7! (p

1

; 1); d

2

7! (p

1

; 2)g)

T r [ [(newplan p

1 d

1 d

2

(arith3-+ d

3

)) :: r ]

] (p env ; d env ) =

T r [ [r ]

] (p env fp

1

7! arith3-+(d

3

; (t

1

; t

2

; t

3

))g; d env fd

1

7! (p

1

; 1); d

2

7! (p

1

; 2)g)

(t

1

, t

2

, t

3 new)

T r [ [(do p

1

) :: r ]

] (p env ; d env ) =

(get-read-pointer t

2 t

3

) :: (req-send t

3 t

1

) :: T r [ [r] ] (p env ; d env )

if p env (p

1

) = req-send(t

1

; t

2

; t

3

)

T r [ [(do p

1

) :: r ]

] (p env ; d env ) = T r [ [r] ] (p env ; d env ) if p env (p

1

) = make-tuple(d

1

)

T r [ [(do p

1

) :: r ]

] (p env ; d env ) =

(arith3-+ t

1 t

2 t

3

) :: (T rnsfr [ [t

3

; nil; 0; d

1

] ] (p env ; d env )@T r [ [r] ] (p env ; d env ))

if p env (p

1

) = arith3-+(d

1

; (t

1

; t

2

; t

3

))

T r [ [(throw v

h d1) :: r ]

] (p env ; d env ) =

(T rnsfr [ [v

l 1

;

1

; lf

1

; d

1

] ] (p env ; d env )@ � � � @T rnsfr [ [v

ln

;

n

; lf

n

; d

1

] ] (p env ; d env ))@

T r [ [r ]

] (p env ; d env )

where De c omp (v

h

) = f(v

l1

;

1

; lf

1

); : : : ; (v

ln

;

n

; lf

n

)g

T rnsfr [ [v

l

; nil; 0; d

1

] ] (p env ; d env ) = [(assign v

l t

1

); (get-rqst-mbox-on t

1 t

2

)]

if d env (d

1

) = (p

1

; 1) and p env (p

1

) = req-send(t

1

; t

2

; t

3

)

T rnsfr [ [v

l

; ; lf ; d

1

] ] (p env ; d env ) = [(setarg-remote v

l t

2 lf )]

if d env (d

1

) = (p

1

; 2) and p env (p

1

) = req-send(t

1

; t

2

; t

3

)

T rnsfr [ [v

l

; ; lf ; d

1

] ] (p env ; d env ) = T rnsfr [ [v

l

; (i � 1) :: ; lf ; d

2

] ] (p env ; d env )

if d env (d

1

) = (p

1

; i) and p env (p

1

) = make-tuple(d

2

)

T rnsfr [ [v

l

; nil; 0; d

1

] ] (p env ; d env ) = [(assign v

l t

i

)]

if d env (d

1

) = (p

1

; i) and p env (p

1

) = arith3-+(d

3

; (t

1

; t

2

; t

3

)) (for 1 � i � 2)

Figure 8.6: T ranslation F unction from Plan-Do Style Co de into Middle-Level Co de for

Pip elined Sends.

82

� F or throwing a v alue to a destination, it decomp oses the (p ossibly) nested higher-

level tuple v alue into a set of triples of (1) middle-level v alues, (2) the high-level

�eld number lists and (3) the middle-level �eld num b er by calling Dec omp , and

generates data transfer instructions by calling T rnsfr .

T r and T rnsfr embo dy the translation into eager data transfer; i.e., they realize the

pip elined sends. F or this purp ose, T r translates the high-level co de in the following way:

� F or simple arithmetic op erations, it simply prepares three temp orary v ariables for

the op eration, and the result of the op eration is transferred by T rnsfr .

� F or tuple construction, it eagerly transfers the tuple elements without bu�ering.

� F or request message passings, it prepares p ointers for a request message b ox to

realize pip elined send, and it generates only instructions for p ointer manipulation.

T rnsfr realizes data transfer in the context of (p env ,d env ) in the following wa y:

� If the destination is just for an arithmetic op eration, the v alue is simply assigned

to the temp orary variables for the op eration.

� If the destination is for a tuple construction, it eagerly transfers the v alue to the

more sp eci�c �eld of destination.

� If the destination is for a message, it generates a \remote write" instruction for

pip elined send.

� If the destination is for a target of the request message send, the v alue is simply

assigned to the temp orary v ariables for the target, but, immediately after that, it

allo cates a message b ox for pip elined send.

Figure 8.7 shows the result of conversion from the high-level co de into middle-level

co de for an example co de fragment of simple message send. The high-level co de is also

shown as comments. Eager data transfers app ear at (do p3) and (do p4), where the

elements of the tuple are eagerly sent to the pre-allo cated message b ox on a remote no de.

The conversion pro ceeds as follows:

1. When p1 is declared, the translator pro duces a temp orary v ariable t1 for d1 in the

same manner as the standard interpretation, but it pro duces message b ox p ointers

t2 and t3 rather than temp orary v ariables for d2.

2. When obj2 is thrown to d1 in the high-level co de, the translator assigns the corre-

sp onding middle-level v ariable obj2-0 to t1. Once t1 is initialized, The translator

allo cates a message b ox on the no de of t1 for the plan p1 prior to its execution of

(do p1).

3. When p2 is declared, the translator do es not pro duce temp orary v ariables for d3

and d4, b ecause it p erforms eager throws to the sp eci�c parts of d2 rather than

indirect throws bu�ered by temp orary v ariables.

83

;; Comments at this level ar e the high-level c o de.

;; (newplan (p1 (d1 (obj [int int])) (d2 [int int])) (re quest-send))

(newtmp t1 MLoptr)

(newtmp t2 (MLrqstwptr [(MLint) (MLint)]))

(newtmp t3 (MLrqstptr [(MLint) (MLint)]))

;; (throw obj2 d1)

(assign obj2-0 t1)

(get-rqst-mbox-on t1 t2) ; al loc ate a message b ox t2 on the no de of t1

;; (newplan (p2 (d3 int) (d4 int)) (make-tuple d2))

;; (newplan (p3 (d5 int) (d6 int)) (arith3 + d3))

(newtmp t4 MLint)

(newtmp t5 MLint)

(newtmp t6 MLint)

;; (throw i d5)

(assign i-0 t4)

;; (throw 1 d6)

(assign 1 t5)

;; (do p3)

(arith3 + t4 t5 t6)

(setarg-remote t6 t2 (0) 0) ; remote write of the result of i+1

;; (newplan (p4 (d7 int) (d8 int)) (arith3 + d4))

(newtmp t7 MLint)

(newtmp t8 MLint)

(newtmp t9 MLint)

;; (throw j d7)

(assign j-0 t7)

;; (throw 2 d8)

(assign 2 t8)

;; (do p4)

(arith3 + t7 t8 t9)

(setarg-remote t9 t2 (1) 0) ; remote write of the result of j+2

;; (do p2)

;; (do p1)

(get-read-pointer t2 t3) ; c omplete the initialization of the message b ox

(request-send t3 t1) ; send the message b ox addr ess

Figure 8.7: Generated Middle Level Co de for Example Simple Message Send

84

4. Declaration of p3 is pro cessed in the same manner as the standard interpretation.

5. When (do p3) throws the result of i + 1 to d3, the translator scans the history of the

de�nition of d3, and discov ers (1) d3 is used as the �rst element of tuple construction

in p2 , (2) the tuple will b e thrown to d2, (3) d2 is used as the message of a request

message send in p1, and (4) the message b ox for the request message send has b een

allo cated and t2 holds its address; it then generates the setarg-remote instruction

which remotely writes t6 to the remote message b ox p ointed to by t2. (the �eld is

selected by a high-level �eld number list (0) and a middle-level �eld num b er 0.)

6. Declaration of p4 and (do p4) is pro cessed similarly to p3.

7. F or (do p2), the translator pro duces no instructions, b ecause it has decided to use

eager throws to d2 and the eager throws have b een p erformed in the pro cess of (do

p3) and (do p4).

8. F or (do p1), the translator pro duces only instructions for p ointers, b ecause eager

data transfer has already sent the contents of the message.

Compilation with plan-do style co de is di�erent from standard instruction scheduling.

Let us take the following example:

[obj3 <= [:msg2 [:cons 10 [:cons 20 [:nil]]]]]

This program fragment in ABCL/ST denotes a request message send to obj3, whose

message consists of an injection tag :msg2-* and a list of integers 10 and 20. Compilation

with plan-do style co de makes it p ossible for the middle-level conv erter to pro duce remote

c ons co de rather than loc al c ons plus r emote c opy for the list construction.

Next, we examine more typical example mentioned in Section 8.3.1:

[obj1 <= [:msg1 x (+ i 1)]]

and its plan-do style co de:

(newplan (p1 (d1 (obj mset1)) (d2 mset1)) (request-send))

(throw obj1 d1)

(newplan (p2 (d3 [real int])) (inject :msg1-*-* d2))

(newplan (p3 (d4 real) (d5 int)) (make-tuple d3))

(throw x d4)

(newplan (p4 (d6 int) (d7 int)) (arith3 + d5))

(throw i d6)

(throw 1 d7)

(do p4 p3 p2 p1)

Figure 8.8 shows the result of conv ersion from the high-level into middle-level. In

the last instruction, tw o data t3 (of middle-level typ e MLuptr) and t4 (of middle-level

type MLidx) are simultaneously sent. This skips an extra (remote) memory allo cation

for MLrqstwptr. This scheme is used b ecause, in the typical message send, the size of

message (other than the carried v alue of disjoint union) is small, and the greater part of

pip elined send is realized through the remote cons of the disjoint-union value.

85

;; Comments at this level ar e the high-level c o de.

;; (newplan (p1 (d1 (obj mset1)) (d2 mset1)) (re quest-send))

(newtmp t1 MLoptr)

(newtmp t2 MLidx)

(newtmp t3 MLuptr)

(newtmp t4 MLidx)

;; (throw obj1 d1)

(assign obj1-0 t1)

(assign obj1-1 t2)

;; (newplan (p2 (d3 [re al int])) (inject :msg1-*-* d2))

(newtmp t5 (MLkwptr [(MLreal) (MLint)]))

(newtmp t6 (MLkptr [(MLreal) (MLint)]))

(get-keyword-mbox-on t1 t5) ; al loc ate a midd le-level memory cel l t5

; on the no de of t1 for ‘r emote c ons’

;; (newplan (p3 (d4 re al) (d5 int)) (make-tuple d3))

;; (throw x d4)

(setarg-remote x-0 t5 (0) 0) ; remote write of ‘x’

;; (newplan (p4 (d6 int) (d7 int)) (arith3 + d5))

(newtmp t7 MLint)

(newtmp t8 MLint)

(newtmp t9 MLint)

;; (throw i d6)

(assign i-0 t7)

;; (throw 1 d7)

(assign 1 t8)

;; (do p4)

(arith3 + t7 t8 t9)

(setarg-remote t9 t5 (1) 0) ; r emote write of the result of i+1

;; (do p3)

;; (do p2)

(get-read-pointer t5 t6) ; complete the initialization of

; the midd le-level memory cel l

(assign t6 t3)

(assign 1 t4) ; if index-di�([:msg1 r e al int], mset1) = 1

;; (do p1)

(arith3 + t4 t2 t4) ; send the index and

; the midd le-level memory cel l addr ess

(request-send2 t3 t4 t1)

Figure 8.8: Generated Middle Level Co de for Typical Message Send

86

8.5 Optimization of Register Allo cation

8.5.1 Minimization of Register Context

Let us consider the following example:

(wait-for

(=> [:msg1 r i o]

[o <= (+ r i)]))

p attern variables r, i, and o are b ound to the message conten ts. In ABCL/ST, pattern

v ariables are read-only

. Possible implementations of these v ariables are:

1. Three additional temp orary v ariables are used to hold these v alues as a part of lo cal

context. Performing the pattern matching copies these v alues to the temp orary

variables. These copies themselves will b e p erformed as just loads to the registers

from the keyw ord memory b ox which contains these tree v alues, but the v alues will

b e stored into the memory as a part of lo cal context up on other op erations, such

as context switches, which destroy the register contents

2. Only one temp orary variable is used as a part of lo cal context to hold the address

of keyword memory b ox which contains these three values. Performing the pattern

matching copies the single p ointer to the temp orary v ariable. Each access to the

pattern v ariables is basically implemented as an extract op eration from the memory

b ox; but the subsequent access to the same variable may b e cached in registers.

This mechanism is easily realized by assigning, as home p ositions, the lo cation of

the v alues in the memory b ox to these pattern v ariables; the memory at the home

p osition is non-dirty

, which means no need to store value on spilling. This is non-

traditional usage of home p osition, b ecause storage for home p ositions are usually

allo cated as lo cal context by storage allo cator of the compiler

W e adopted scheme 2. This scheme decreases the amount of context. In the ab ove

example, a context switch o ccurs when receiving (remote) allo cated message b ox for

message send [o <= (+ r i)], the num b er of store op erations b efore the context switch

is less than that of scheme 1.

8.5.2 Least Immediately Used Algorithm

F or register allo cation, we do not employ the standard graph coloring algorithm; we

rather use a more optimal algorithm, where the spilled value is one that is used farthest

in the future. Let us call it the Le ast Immediately Use d (LIU) algorithm by analogy to

the L e ast R e c ently Use d (LRU) algorithm.

The LIU algorithm corresp onds to a famous (imaginary) page replacement p olicy in

the research area of op erating system, which is called optimal, b ecause it has b een proven

that the p olicy is the optimal algorithm. It would b e in a sense imaginary as a page

87 replacement p olicy b ecause it uses future information, but it is not imaginary in register

allo cation b ecause the \future" for register allo cator of the compiler can b e determined

statically (except for branches).

The LIU algorithm is not a new algorithm, but the advan tage of LIU over graph

coloring is strengthened by the characteristics of EM-4. In EM-4, registers are more

volatile than usual; registers’ v alues are not guaranteed to b e kept ov er context switches

and the context switch is always necessary for receiving a new packet from the network.

Thus we should switch the followings over context switches to increase register utilization:

1. variables to which registers should b e allo cated and

2. registers which should b e allo cated to the same v ariable.

This is automatically done with the LIU algorithm by simply giving a sp eci�cation that

the instructions receiving packets use all the registers for working registers, whereas the

graph coloring algorithm must b e mo di�ed to supp ort co de partition mechanism whose

development is di�cult.

8.5.3 Register Allo cation to Encapsulated V ariables

In ob ject-oriented languages, state (instance) v ariables are usually enc apsulate d. In

ABCL, the encapsulation is achieved by the following constraints:

1. Only the co de that b elongs to the same class (or sup erclass/sub class, if exists) can

manipulate the state (instance) variables.

2. Only a single thread of control manipulates the state (instance) variables simulta-

neously (not shared). (This is trivial in sequential languages, but not in concurrent

languages.)

These constraints make it p ossible to allo cate register to state (instance) variables. The

register allo cator should re ect this feature to optimize the sp eed of accesses to the state

(instance) v ariables. So, our compiler supp orts this allo cation.

By contrast, most C (C++) compilers do not supp ort this allo cation, where only

temp orary (auto) variables are the target of register allo cation other than function

parameters.

4

This is b ecause the instance v ariables of the C++’s ob ject are held in the

memory p ointed by a C’s p ointer, self pointer, and C is originally designed for description

of op eration systems where the memory access can not b e eliminated to communicate

with the hardware or user pro cesses.

4

Recent GNU CC++ for SP AR C (ver. 2.4.5) solves this problem in a limited form by p eephole

optimization, which eliminates several memory op erations on the same address, but not ones which are

interleaved with other memory op erations on di�erent addresses.

88

Chapter 9

Applications

9.1 Algorithms Based on Concurren t Ob ject-Oriented

Mo del

In Section 2.1.1, we describ ed our concurrent ob ject-oriented computation mo del; how-

ever, in order to use the concurrent OO mo del for algorithm evaluations, we should sp ecify

some more details. A concurrent OO mo del for algorithm ev aluations can b e de�ned as

follows:

1. Each concurrent ob ject has equal computation p ow er.

2. Each message transmission b etween concurrent ob jects is p erformed within an equal

communication latency .

3. Each creation of concurrent ob ject is p erformed within an equal creation latency .

Some of the ideas b ehind the ab ove concurrent OO mo del are shared by a recently

prop osed mo del, LogP[5], which is intro duced with the motivation that (1) PRAM is

unrealistic mo del of real highly parallel computers and (2) a new parallel mo del which

re ects the real hardware architectures is required.

The LogP mo del characterizes a parallel machine by the number of pro cessors(P ),

the communication bandwidth(g ), the communication delay(L), and the communication

overhead(o). In LogP

, a go o d algorithm embo dies a strategy for adapting to di�erent

machines, in terms of these parameters. LogP encourages techniques, such as careful

data placement and work assignment and careful scheduling and overlapping of compu-

tation and communication. Thus somewhat low-level algorithm sp eci�cation is required

to demonstrate its p erformance.

On the other hand, the concurrent OO mo del provides more abstract characteristics,

where the requirements to b e a go o d algorithm are:

� As many concurrent ob jects as p ossible are employed,

� Concurrent ob jects are equally employed, and message b ottlenecks are avoided.

89

Note that the concurrent OO mo del and the LogP mo del do not con ict. They are

at the di�erent levels of abstraction; the concurrent OO mo del provides a conv enient

technique which simpli�es analysis, as long as a constraint is met[5]. The constraint is �-

nite network capacity given by L=g (1=g corresp onds to the p er-pro cessor communication

bandwidth). The concurrent OO mo del addresses this constraint at its implementation

level, where LogP mo del could b e used.

In the next section, we prop ose a fast parallel algorithm for N

-b o dy problem based on

the concurrent OO mo del. This algorithm is a go o d algorithm in terms of requirement

describ ed ab ov e. This algorithm is also used to evaluate our concurrent OO language

system in Chapter 10.

9.2 N -Bo dy Problem

The Newtonian N-b o dy problem is to �nd the b ehavior of N particles interacting with

each other through a long range force such as gravity or Coulombic force. E�cient meth-

o ds for solving this problem provide p owerful research to ols in physics and astronomy .

Since a naive (exact) simulation needs to compute the interactions of all the pairs of par-

ticles, its time complexity

, which is O (N

2

), b ecomes prohibitive as N increases. Thus,

metho ds have b een developed to reduce the computational cost by approximation. One

such metho d was develop ed by J. Barnes and P

. Hut[4]. The time complexity of their

metho d is O (N log N ) and its rigorous upp er b ound of errors can b e estimated. Another

approach has b een taken by L. Greengard [7], who used the multip ole expansion metho d.

This thesis presents a new parallel algorithm for the Newtonian N b o dy problem, which

is inspired by the metho d of Barnes and Hut. Our algorithm [29, 30] is based on the use

of a large num b er of concurrent ob jects[32, 1, 37]. The time complexity of this algorithm

is O (log N ) using O (N ) concurrent ob jects. This algorithm exploits the characteristic

nature of ob ject-oriented concurrency[32, 1, 37] using dynamic concurrent ob ject creation

and the dynamic recon�guration of the message passing top ologies.

9.2.1 Serial Algorithm (Barnes and Hut)

The essence of Barnes and Hut’s algorithm[4] is the use of a tree structure, which cor-

resp onds to the spatial distribution of particles. No des in the tree structure corresp ond

to cells (or subspaces) which are obtained by dividing the entire space containing all

the particles in the following manner. The entire space is recursively divided into cells

with child cells having exactly half the length, breadth and width of their parent. Cells

containing just one particle (or none at all) are not further sub divided. Figure 9.1(a)

shows such a division of space in the two dimensional case. Dots denote particles. A cell

containing no particles has no corresp onding no de in the tree structure. A cell containing

just one particle has a single corresp onding no de which is a terminal (leaf ) no de in the

tree structure. The ro ot no de corresp onds to the entire space and non-terminal no des

corresp ond to cells containing at least two particles.

90

(a) Entire Space is Divided Recursively

. (b) Virtual Particles(gray zones)

Figure 9.1: Division of Space (2-D case)

Having such a tree structure, we assume that each no de in the tree structure keeps

the total mass and the center-of-gra vity of the particles contained in the corresp onding

cell. Thus, a non-terminal no de can b e viewed as a terminal no de for a cell which

contains a single virtual particle. The virtual particle’s mass and p osition are the total

mass and center-of-gravit y , resp ectively

, of the particles actually contained in the cell. In

Figure 9.1(b), a number in a cell stands for a virtual particle and indicates the num b er

of actual particles represented.

If a particle P whose distance from the center-of-gravit y is su�ciently larger than the

diameter of the cell (i.e., the longest distance b etween any pair of particles in the cell),

the total force exerted on P by the particles in the cell do es not have to b e computed as

the sum of the individual forces exerted by the particles in the cell. The total force can

b e estimated within a required error b ound as the force exerted by the virtual particle.

Whether or not the approximation technique is employed is determined by a threshold

v alue � derived from the sp eci�ed error b ound. Letting the diameter of a cell b e s, and

the distance b etw een P and the p osition of the virtual particle b e d, if the inequality

s=d < �

holds, approximation is p ermissible. Figure 9.1(b) shows how this approximation is done.

The virtual particles gray-zoned in Figure 9.1(b) are used when the force exerted on P is

estimated. The analysis by Barnes and Hut[4] shows that the time required to compute

the total force exerted on a single particle by all other particles in the space is O (log N ).

Thus, to compute the force exerted on N particles requires O (N log N ) time.

9.2.2 Overview of Our Parallel Algorithm

An overview of our parallel algorithm is given as follows:

91

Figure 9.2: T ree Structure of Cell Ob jects

1. F or each no de in the tree structure of Barnes and Hut’s algorithm, there is a con-

current ob ject, called a cel l object, which keeps the physical information such as

the number of the particles in the corresp onding cell, their total mass, and their

center-of-gravit y .

2. Cell ob jects form a tree structure isomorphic to that of Barnes and Hut’s algo-

rithm. (See Figure 9.2.) Thus each cell ob ject also keeps the structural information

(of the corresp onding tree structure) such as the names of its parent cell ob jects,

child cell ob jects (and sibling cell ob jects if necessary). This tree structure is con-

structed by p erforming parallel summation op erations on tree structures, which will

b e explained in Section 9.2.4.

3. The terminal cell ob ject residing at a terminal no de of the tree structure represents

a single particle in the system. The non-terminal cell ob ject residing at a non-

terminal no de of the tree structure represents a virtual particle or a cell containing

more than one particle.

4. The total force exerted on a particle is calculated by its corresp onding terminal cell

ob ject by summing up forces. Each force is derived by using the mass and p osition

of a non-negligible (virtual) particle; this information is contained in a message sent

to the terminal cell ob ject from the cell ob ject representing the (virtual) particle.

The range of the message distribution and how messages are distributed will b e

describ ed in Section 9.2.3.

5. Such messages are sent concurrently to di�erent terminal cell ob jects. Thus a very

high degree of concurrency is obtained.

6. At the b eginning of each time interv al, a new tree structure comp osed of cell ob jects

which re ect the up dated values of particle’s velocity and p osition is constructed.

92

Keeping this general picture of our parallel algorithm in mind, let us go into details.

9.2.3 Parallel Calculation of F orces

W e assume that each cell ob ject of the tree keeps the following data ab out the cell

(subspace) that it represents:

1. the size of the cell,

2. the p osition of the center of the cell,

3. the center-of-gravit y of the particles contained in the cell,

4. the number of the particles contained in the cell,

5. the total mass of the particles contained in the cell,

6. the structural information such as who are its parent, children, etc.

As describ ed in the previous section, to calculate the total force exerted on a par-

ticle P within an error b ound, the terminal cell ob ject T C representing P must know

the mass, and p osition of all non-negligible (virtual) particles. Messages containing this

information, which we call inter action-for c e messages or IFM s, are transmitted from the

cell ob jects representing the non-negligible (virtual) particles. Up on receiving a rele-

v an t IFM , the terminal cell ob ject TC calculates the force exerted by the corresp onding

(virtual) particle. This calculation continues until no more relevan t IFM s are received.

Exhaustion of the relev ant IFM s can b e easily detected by counting the particles repre-

sented in the IFM s.

What needs to b e more precise ab out is the range of the distribution of IFM s and

how they are distributed. First, let us consider the range of the distribution. The set

of terminal cell ob jects that need to b e sent an IFM from a cell ob ject C is the set of

terminal cell ob jects whose particles are \in range" of the (virtual) particle represented

by C . Note that tw o IFM s, one sent by a cell ob ject and the other sent by the parent of

the cell ob ject, may reach the same terminal cell ob ject. In such cases, the terminal cell

ob ject may include the force of the same particle more than once. This must b e avoided.

The distribution area of an IFM from C is the set of p oints (1) for which approximation

relative to C is p ossible and (2) for which approximation relative to PC , the parent of

C , is not p ossible. This area is illustrated as the gray zone in Figure 9.3.

How is the distribution of an IFM done? An IFM transmitted from C �rst travels

upward to its PC . Then, the PC adds information ab out its approximation b oundary to

the IFM and launches it into the network of cell ob jects. Seemingly

, the routing of IFM

can b e p erformed e�ciently by cell ob jects that hav e links to their parent and children.

Howev er, it should b e noted that all the non-terminal cell ob jects concurrently transmit

IFM s. Thus a single cell ob ject may simultaneously receive many IFM s originated from

di�erent cell ob jects causing a message pro cessing b ottleneck, esp ecially near the ro ot cell

93

Figure 9.3: The Range of the Distribution of Interaction-F orce Messages (2-D case)

ob ject. T o alleviate this problem, we put horizontal links b etween adjacent cell ob jects

at the same level of the tree structure (i.e., which are also of the same size) if adjacent

ones exist. See Figure 9.4(a).

Such horizontal links allow interaction-force messages to bypass parent cell ob jects,

reducing the congestion on vertical links. W e can distribute an IFM in the following

manner:

1. The IFM is rep eatedly forwarded upward

1

to the �rst cell ob ject whose cell size

is larger than the size of the distribution range of the IFM (C

00 in Figure 9.4(b)).

Note that the cell do es not always contain the distribution range b ecause their

centers usually di�er (e.g., C

00 in Figure 9.4(b) do es not contain the distribution

range).

2. Along the horizontal links, the IFM is distributed among the multiple cell ob jects

so that the union of their corresp onding cells covers the distribution range (C

00

,

C

01

, C

10 and C

11 in Figure 9.4(b)). Note that the parent cell of C

00 do es not always

cover the distribution range; thus such multiple cell ob jects which are connected by

horizontal links are employed to avoid further upward-forw arding.

3. Each distributed IFM is recursively forwarded downw ard to the cell ob jects whose

corresp onding cells intersect the range of the distribution.

1

By ‘upward’, we mean the direction to the parent cell ob ject

94

(a) Horizontal Links (b) Use of the horizontal links

Figure 9.4: Horizontal Links b etween Adjacent Cell Ob jects of the Same Level (2-D case)

Our analysis shows that this eliminates the b ottlenecks

2

. Having no b ottlenecks allows

us to estimate the upp er b ound of the time complexity of the parallel force calculation

of this section as the total length of path along which an IFM travels. This is at most

O (log N ). F urthermore, it can b e easily shown the construction of such links requires

only O (log N ) time complexity

, assuming that the tree structure already exists.

9.2.4 Parallel T ree Construction

In order to achiev e O (log N ) time complexity for our entire algorithm, we must b e able

to construct the tree structure in O (log N ) time.

Summation of T ree Structures

W e devised a commutative op eration called summation for tree structures, which is used

in our parallel tree construction algorithm. Let A and B b e tree structures of cell ob jects

whose ro ots represent the same space. W e denote the tree structure obtained by the

summation op eration of A and B by:

A + B

The ro ot of A + B represents the same space represented by the ro ot of A and/or B and

A + B contains the union of the sets of particles contained in A and B . Of course, A + B

has the same structural prop erty explained in Section 9.2.1.

Given tw o tree structures A and B which represent the same space, how do we obtain

A + B ? First, the data to b e kept in the ro ot cell ob ject of A + B is computed by using

2

By a b ottleneck, we mean that more than constant time is required for a message to b e pro cessed

after arriving at a concurrent ob ject.

95

Figure 9.5: Summation of T ree Structures

96

Figure 9.6: Pip elined Parallel Summation of T ree Structures

the total masses, the centers-of-gra vity and the total numbers of particles kept in the ro ot

cell ob jects of A and B . Then, the data kept in each child of A + B is computed by using

the data kept in the corresp onding children of A and B . (See Figure 9.5.) This pro cess

of c el l-wise additions is rep eated until all the terminal no des of A + B are reached. Note

that the total number of cell ob jects in A + B may b e greater than that of A and B .

F urthermore, the depth of A + B may b e greater than that of A and B . (Note Step 3 in

Figure 9.5.)

Since the summation op eration on tree structures is p erformed from the ro ot towards

their leaves sequentially

, its time complexity is the depth of the resulting tree structure.

In the case where the depth of tree structure is O (log N ), the time complexity is O (log N ),

T ree Construction by Pip elined Parallel Summations

Now we consider how a tree structure is created from the initial set of data ab out the

particles. Supp ose we have particles a, b, c, d, e, f , g and h. Corresp ondingly

, we create

cell ob jects A, B , C , D , E , F , G, and H , all of which we regard as (singleton ro ot-only)

tree structures. Instead of adding each tree structure one by one, the following nested

summation is p erformed to obtain a tree structure T containing all the particles a through

h.

T = (((A + B ) + (C + D )) + ((E + F ) + (G + H )))

Note that the summation op erations at a same level of nesting are p erformed in par-

allel. Thus, (A + B ), (C + D ), (E + F ), and (G + H ) are p erformed in parallel. Since

the number of nesting levels is b ounded by O (log N ) and the each individual summation

op erations requires O (log N ) time at most (as noted at the end of the previous subsub-

section), the total construction of T requires O ((log N )

2

) time at worst. Unfortunately ,

our goal is O (log N ) not O ((log N )

2

).

97

The reason the construction of T requires O ((log N )

) is the fact that a summation

op eration of tw o trees at a given nesting level is p erformed after completing the construc-

tion of the tw o trees. T o achieve our goal of attaining O (log N ) time complexity

, we can

make the summation op eration of two trees at a given nesting level and the construction

of the two trees overlap in time. In other words, the summations are pip elined over

nesting levels. This pip elining is illustrated in Figure 9.6 where the vertical co ordinate

represents the growth (construction) of individual trees and the horizontal co ordinate

represents the progress in the nested summation op eration. The circles on a diagonal line

represent the cell-wise additions in the summation op erations b eing p erformed in parallel.

F or example, the cell-wise addition of the third level (from the ro ot) cell ob jects of A and

B , the cell-wise addition of the second level cell ob jects of A + B and C + D , and the

cell-wise addition of the ro ot cell ob jects of (A + B ) + (C + D ) and (E + F ) + (G + H ) are

p erformed in parallel. Now it is easily seen that it takes O (log N ) time for the diagonal

line to �nish sweeping the whole area.

9.2.5 Summary of N

-b o dy Problem

W e have presented a O (log N ) parallel algorithm for the Newtonian N-b o dy problem

using O (N ) concurrent ob jects. The main techniques devised are: (1) elimination of

message b ottlenecks by originating inter action-for c e messages from non-terminal cell ob-

jects instead of terminal cell ob jects, (2) elimination of message b ottlenecks by routing

through horizontal links connecting adjacent cell ob jects of the same level, (3) employ-

ing summation op erations for tree structures, (4) tree construction by pip eline d parallel

summations.

98

Chapter 10

P erformance Measuremen ts with

Real Applications

This chapter presents the ev aluations of our concurrent OO language system, ABCL/EM-

4, and our concurrent OO algorithms for N

-bo dy problems.[31]

10.1 Ev aluation Conditions

First, we brie y present the structure of the program of the N

-bo dy algorithm, which is

used for p erformance measurements. App endix A gives the whole program.

The program is based on the new algorithm describ ed in the Section 9.2[29, 30].

The time complexity of the algorithm is O (log N ) using O (N ) concurrent ob jects. The

essence of the algorithm is the use of a tree structure, which corresp onds to the spatial

distribution of particles. The algorithm rep eats tw o phases, namely tree construction

phase and force calculation phase.

The program is written for the 1-D N

-bo dy problem, and it mainly consists of the

following three classes:

1. Tree-Cons-Cell class

2. Force-Calc-Cell class

3. main class

A single main class ob ject is created at �rst, and it directs other ob jects. Force-Calc-

-Cell class ob jects comp ose the main tree structure, on which forces are calculated.

Tree-Cons-Cell class ob jects are employed as temp orary cells for tree construction.

Roughly sp eaking, Force-Calc-Cell class ob jects hav e Force-Calc-Obj typ e and Tree-

-Cons-Cell class ob jects have Tree-Cons-Obj type. Since the program de�nes Force-

-Calc-Obj as a subtype of Tree-Cons-Obj, Force-Calc-Cell class ob jects are also em-

ployed as Tree-Cons-Obj type at the �nal stage of a tree construction.

The ev aluation conditions are as follows:

99

Figure 10.1: Omega Network of EM-4 (3 � 2

3�1

case for short, 5 � 2

5�1

in reality )

1. It uses whole 80 PEs.

2. Approximation rate (� ) is set to 0.4.

Since this measurement is p erformed with the 1-D N

-bo dy problem, we adopt the

following tw o particle distributions:

Even: the p ositions of particles are distributed evenly .

Series: the p ositions of particles are distributed as a series whose di�erence is from

2L=3N to 4L=3N , where L is the size of the entire space. (W e adopt this distribu-

tion b ecause the interv al of the even distribution may b e resonant with the interv al

of the space division.)

Since it is 1-D case, the num b er of child ob jects is 2. The network of EM-4 is illustrated

in Figure 10.1; we adopt the following schemes to determine no des at which ob jects are

created:

N1: One is created at NEXT1, the other is created at NEXT2.

N11: One is created at NEXT1 from NEXT1, the other is created at NEXT2.

In the ab ove schemes, we create ob jects at as near no des as p ossible, in order to reduce

the consumption of the network resources.

100

Figure 10.2: Elapsed Time of N

-b o dy Problem

10.2 Ev aluation Results

Figure 10.2 shows the elapsed time of tree construction (Tree), force calculation

(Force), and their totals. Here, we measured the elapsed time of 1-iteration (1 time

step) of N -b o dy problem.

Figure 10.3 shows the elapsed time of Force using N1 and N11 metho ds. N1 metho d

shows b ehavior, which has p eaks. This is explained by the following reason: In the

network of Figure 10.1, the one step deep er no de on the tree structure just corresp onds

the one step righter no de of the network; consequently the leaf ob jects of the tree are

lined at one column, causing the load imbalance.

1

Figure 10.4 shows elapsed time p er N log N against N . Since the total amount of

computation is O (N log N ), this graph shows the p erformance of the system; as we can

see, the system achieves the p eak p erformance from N � 200. Since (1) the number of

pro cessors (P ) is 80 and (2) the num b er of leaf (terminal) ob jects used for Force is N ,

2

when N = 200, the rate N =P is 2.5. This small num b er indicates that: Our concurrent

OO algorithm and language system do not require so large N in order to exploit all P

pro cessors. This prop erty is imp ortant, esp ecially in parallel computers with large P .

1

In fact, N11 is introduced after �nding the reason.

2

T otally

, the num b er of ob jects is approximately 2N b ecause the tree is a binary tree, but the

dominant part of computation (i.e., calculation of Newton’s equation) is p erformed by the leaf ob jects.

101

Figure 10.3: Comparison b etween PE Mapping Schemes

Figure 10.4: Elapsed Time p er N log N

102

N (# of particles) 520 1040

phase tree cons. force calc. tree cons. force calc.

# of Ob jects creation 27,140 0 60,516 0

# of Messages 126,826 64,730 282,754 140,774

Elapsed time (�s) 65,787 152,913 152,675 334,105

T able 10.1: Ev aluation with N

-b o dy Problem

Compiler / Machine Time

ABCL/EM-4 (EMC-R, 12.5MHz, 80PEs, no FPU) 0.49 s

EM-C / EM-4 (EMC-R, 12.5MHz, -O, sequential execution on 1PE, no FPU) 17.9 s

GCC / SS1 (SP

ARC, 20MHz, -O2, FPU) 1.64 s

GCC / SS1+ (SP

ARC, 25MHz, -O2, FPU) 1.43 s

GCC / SS2 (SP

ARC, 40MHz, -O2, FPU) 0.76 s

GCC / SS10 (Supar SP

ARC, 36MHz, -O2, FPU) 0.47 s

GCC / LUNA88K (m88k, 25MHz, -O2, FPU) 1.07 s

T able 10.2: Performance Comparison on Di�erent Software/Hardw are using N -b o dy

Problem (N = 1040)

T able 10.1 lists some numbers from the ev aluations; when N =1040, it creates more

than 60,000 ob jects and exchanges more than 420,000 messages, and the elapsed time is

less than 0.5s.

T able 10.2 lists the elapsed time measured on di�erent language system/architecture

combinations. The C source program used in the measurement exploits an optimization

sp eci�c to sequential execution (e.g., global v ariables are used to represent messages).

ABCL/EM-4 shows the secondly go o d p erformance, in spite of the slowest clo ck sp eed.

Moreover, EM-4 uses integer instructions to p erform real-number arithmetic op erations;

it do es not have FPUs. F or this reason, EM-C is the worst in the table. The next-

generation EM-4, EM-X, includes FPUs, which should increase the total p erformance

considerably .

10.3 F eedbac k to Language System

The result of the previous section provides us imp ortant information for building an

automatic load balancing mechanism in our language systems. The enhanced language

system would automatically extract the runtime ob ject top ologies from the source lan-

guage as precisely as p ossible, and cho ose a pseudo-optimal mapping to the real no des of

the hardware architecture.

103

Of course, the precise runtime information is not av ailable at the compile time. How-

ever, the �rst approximation of the ob ject top ology is provided by creator-createe relation

of ob jects in the program. (The second approximation would b e provided by sent-received

relation of messages in addition to the creator-createe relation of ob jects.) The compiler

would extract the following creator-createe relation to estimate the ob ject top ology:

1. Simultaneously multiple creations

2. Rep eated creations

3. Recursive creations

The extraction of the ab ove information can b e p erformed as a part of ow analysis which

is already required for optimization.

104

Chapter 11

Conclusion

This thesis explores a wide range of research topics for obtaining high p erformance by

concurrent ob ject-oriented language systems on highly-parallel computers, including lan-

guage design, runtime architectures, optimizing compilers, and applications.

W e have prop osed several techniques, including reactive representations of ob jects,

e�cient management of message bu�ers with freelists, interruptible pip elined message

sends, plan-do style intermediate co de, an e�cient implementation scheme for table lo ok-

up, adv anced register/storage allo cation, and a concurrent ob ject-oriented algorithm for

N -b o dy problem.

I b elieve that these techniques are equally imp ortant. Moreover, they do not work

alone; their e�ects are multiplied by each other.

Performance measurements on EM-4 show that the cost of each remote ob ject-creation

and remote message-passing can b e, in order, comparable to that of a sequential pro ce-

dure call and the N -b o dy algorithm based on the concurrent ob ject-oriented mo dels can

b e executed e�ciently for a wide range of N . Our results indicate that the ob ject-oriented

concurrent computation mo dels and languages are extremely suitable for realizing prac-

tical parallel systems.

W e have developed a prototype compiler and a runtime system which run ABCL/ST

programs, such as the N

-bo dy problem program prop osed in this thesis, on the real

machine EM-4. I would like to continue the implementation work for pursuing high-

p erformance, on EM-4 and other highly parallel machines.

I hop e that the techniques and results we hav e describ ed in this thesis will pav e

the wa y tow ards the development of even more e�cient implementation technologies

for concurrent ob ject-oriented languages as well as languages of other computational

paradigms, I also hop e this work leads concurrent ob ject-oriented languages into the

more adv anced implementation on new-generation massively-parallel computers.

105

Bibliograph y

[1] G. Agha. A ctors : A Model of Concurr ent Computation in Distributed Systems. The

MIT Press, 1987.

[2] P

. America and J. Rutten. A layered semantics for a parallel ob ject-oriented lan-

guages. In J. W. de Bakker, W. P

. de Ro ever, and G. Rozenb erg, editors, Pro c.

of REX/FOOL, Noor dwijkerhout, The Netherlands, volume 489 of L e ctur e Notes in

Computer Scienc e, pages 91{123. Springer-V erlag, May/June 1990.

[3] T. Baba, T. Y oshinaga, T. Iijima, Y. Iwamoto, M. Hamada, and M. Suzuki. A

parallel ob ject-oriented total architecture: A-NET. In Pr o c. of Sup er c omputing’90,

New Y ork, pages 276{285, Nov ember 1990.

[4] J. Barnes and P

. Hut. A hierarchical O (N log N ) force-calculation algorithm. Natur e,

324:446{449, 1986.

[5] D. Culler, R. Karp, D. Patterson, A. Sahay

, K. E. Schauser, E. Santos, R. Subramo-

nian, and T. von Eicken. LogP: T ow ards a realistic mo del of parallel computation. In

Pr o c e e dings of the ACM SIGPLAN Symp osium on Principles & Pr actic e of Par al lel

Pr o gr amming PPOPP, pages 1{12, San Diego, California, May 1993.

[6] W. J. Dally

, J. S. Fiske, J. S. Keen, R. A. Lethin, M. D. Noakes, P

. R. Nuth,

R. E. Davison, and G. A. Fyler. The message-driven pro cessor: A multicomputer

pro cessing no de with e�cient mechanisms. IEEE MICRO, 12(2):23{39, Apr. 1992.

[7] L. Greengard. The R apid Evaluation of Potential Fields in Particle Systems. ACM

Press, 1987.

[8] T. G. Gri�n. A formulae-as-types notion of control. In Pr o c e e dings of 17th ACM

Symp osium on Principles of Pr o gr amming Languages, Sanfr ancisc o, pages 47{57,

January 1990.

[9] K. Hiraki, T. Shimada, and S. Sekiguchi. Empirical study of latency hiding on

a �ne-grain parallel pro cessor. In Pro c. of 7th ACM International Conferenc e on

Sup er c omputing, T okyo, Japan, pages 220{229, July 1993.

[10] K. Honda and M. T ok oro. An ob ject calculus for asynchronous communication. In

P . America, editor, Pro c. of ECOOP’91, Geneva, Switzerland, volume 512 of Le ctur e

Notes in Computer Scienc e, pages 133{147. Springer-V erlag, July 1991.

106

[11] W. Horwat. Concurrent smalltalk on the message-driven pro cessor. T ec hnical Rep ort

MIT-AI-TR 1321, MIT Arti�cial Intelligence Lab., 1991.

[12] W. Horwat, A. A. Chien, and W. J. Dally

. Exp erience with CST: Programming and

implementation. In Pr o c. of the SIGPLAN’89 Confer enc e on Pro gr amming Language

Design and Implementation, Portland, Ore gon, pages 101{109, June 1989.

[13] H. Ishihata, T. Horie, S. Inano, T. Shimizu, and S. Kato. An architecture of highly

parallel computer AP1000. In IEEE Paci�c Rim Confer enc e on Communic ations,

Computers and Signal Pr o c essing, pages 13{16, May 1991.

[14] D. R. Je�erson. Virtual time. ACM T r ans. Pro g. L ang. Syst., 7(3):404{425, 1985.

[15] T. Kamada, S. Matsuok a, and A. Y onezaw a. An algorithm of distributed garbage

collection on a multicomputer and its p erformance ev aluation. In Pr o c. of JSSST

10th Annual Convention, Wase da-University, Japan, pages 21{24, June 1993. (in

Japanese).

[16] Y. Ko dama, S. Sak ai, and Y. Y amaguchi. A prototyp e of a highly parallel data ow

machine EM-4 and its preliminary ev aluation. In Pro c. of InfoJap an ’90, pages

291{298, 1990.

[17] S. Matsuoka and A. Y onezaw a. Analysis of inheritance anomaly in ob ject-oriented

concurrent programming languages. In G. Agha, A. Y oneza wa, and P . W egner,

editors, R ese ar ch Dire ctions in Concurrent Obje ct-Oriente d Pr o gr amming. The MIT

Press, 1993.

[18] J. Meseguer. A logical theory of concurrent ob jects. In Pr o c. of OOP-

SLA/ECOOP’90, Ottawa, Canada, pages 101{115, Octob er 1990.

[19] S. Sakai, Y. Y amaguchi, K. Hiraki, Y. Ko dama, and T. Y uba. An architecture of a

data ow single chip pro cessor. In Pro c. of the 16th Annual International Symp osium

on Computer Ar chite ctur e, pages 46{53, June 1989.

[20] M. Sato, Y. Ko dama, S. Sak ai, and Y. Y amaguchi. Em-c: A parallel programming

language for the em-4 multiprocessor. In Pro c. of Joint Symposium on Par al lel

Pr o c essing 1993(JSPP’93), Wase da-University, Japan, pages 183{190, May 1993.

(in Japanese).

[21] M. Sato, Y. Ko dama, S. Sak ai, Y. Y amaguc hi, and Y. Koumura. Thread-based

programming for the EM-4 hybrid data ow machine. In Pro c. of the 19th Annual

International Symp osium on Computer Ar chite ctur e, May 1992.

[22] E. Shibayama. An Obje ct-Base d Appr o ach to Mo deling Concurrent Systems. PhD

thesis, Department of Information Science, The University of T okyo, 1991.

107

[23] E. Shibay ama and A. Y oneza wa. Distributed discrete event simulation in ABCL/1.

In A. Y oneza wa, editor, ABCL: An Obje ct-Oriente d Concurrent System, chapter 9.

The MIT Press, 1990.

[24] K. T aura, S. Matsuok a, and A. Y onezaw a. An e�cient implementation scheme of

concurrent ob ject-oriented languages on sto ck multicomputers. In Pr o c e e dings of

the ACM SIGPLAN Symp osium on Principles & Practic e of Par al lel Pr o gr amming

PPOPP, pages 218{228, San Diego, California, May 1993.

[25] T. von Eick en, D. E. Culler, S. C. Goldstein, and K. E. Schauser. Active messages:

a mechanism for integrated communication and computation. In The 19th Annual

International Symposium on Computer Ar chite ctur e, volume 20, pages 256{266, Gold

Coast, Australia, May 1992.

[26] M. Y asugi, S. Matsuok a, and A. Y oneza wa. ABCL/onEM-4: A new soft-

ware/hardware architecture for ob ject-oriented concurrent computing on an ex-

tended data ow sup ercomputer. In Pro c. of 6th ACM International Confer enc e

on Sup er c omputing, Washington D.C., pages 93{103, July 1992.

[27] M. Y asugi, S. Matsuok a, and A. Y oneza wa. ABCL/onEM-4: An e�cient implemen-

tation of ob ject-oriented concurrent computing system on a data-driven computer. In

Pr o c. of Joint Symposium on Paral lel Pr o c essing 1992(JSPP’92), Y okohama, Jap an,

pages 171{178, June 1992. (in Japanese).

[28] M. Y asugi, S. Matsuok a, and A. Y onezaw a. ABCL/onEM-4: An e�cient imple-

mentation of ob ject-oriented concurrent computing system on a data-driven parallel

computer. In Obje ct-Oriente d Computing I (WOOC’92), pages 289{304. Kindai Ka-

gaku Sha, July 1993. (in Japanese).

[29] M. Y asugi and A. Y oneza wa. An ob ject-oriented concurrent algorithm for N-b o dy

problem. In Pr o c. of JSSST 8th Annual Convention, Sappor o, Jap an, pages 405{408,

Septemb er 1991. (in Japanese).

[30] M. Y asugi and A. Y onezaw a. An ob ject-oriented parallel algorithm for the Newtonian

N-b o dy problem. T echnical Rep ort TR92-6, Department of Information Science,

F aculty of Science, Universit y of T oky o, 1992.

[31] M. Y asugi and A. Y onezaw a. T owards p erformance ev aluation of a N

-bo dy problem

algorithm in an ob ject-oriented concurrent language on a date-driven parallel com-

puter. In Obje ct-Oriente d Computing II (WOOC’93). Kindai Kagaku Sha, 1994. (to

app ear) (in Japanese).

[32] A. Y onezawa, editor. ABCL: An Object-Oriente d Concurr ent System | The ory,

L anguage, Pro gr amming, Implementation and Application. The MIT Press, 1990.

[33] A. Y oneza wa, J.-P

. Briot, and E. Shibay ama. Ob ject-oriented concurrent program-

ming in ABCL/1. In Pr o c. of ACM Conferenc e on OOPSLA, pages 258{268, 1986.

108

[34] A. Y onezawa, S. Matsuoka, M. Y asugi, and K. T aura. E�cient implementations

of concurrent ob ject-oriented languages on multicomputers. In P

ARALLEL PRO-

GRAMMING SYSTEMS, pages 50{52. W orld Scienti�c, May 1992.

[35] A. Y onezaw a, S. Matsuoka, M. Y asugi, and K. T aura. Implementing concurrent

ob ject-oriented languages on multicomputers. IEEE Paral lel & Distribute d T e chnol-

o gy, 1(2):49{61, May 1993.

[36] A. Y oneza wa and I. Ohsawa. Ob ject-oriented parallel parsing for context free gram-

mars. In A. Y oneza wa, editor, ABCL: An Obje ct-Oriente d Concurrent System, chap-

ter 11. The MIT Press, 1990.

[37] A. Y onezawa and M. T ok oro, editors. Obje ct-Oriente d Concurrent Pro gr amming.

The MIT Press, 1987.

109

App endix A

ABCL/ST Program of N-b o dy

Algorithm

;;; Pro gr am for N-Body Problem ( 1-D case )

;;; Written by Masahiro Y

ASUGI. ( yasugi@is.s.u-tokyo.ac.jp )

;;; Dec. 22 1993

(defconstant G 1.0) ; normalization is assumed

(defconstant tstep 0.01)

(defconstant ep 0.01)

(defconstant appro 5.0)

(deftype particle

(union [:noparticle]

[:n int :mass real :pos real :vel real :pre-dt real]))

(deftype (obj-msg Tree-Cons-Obj)

(union [:n-waits int]

[:target Tree-Cons-Obj]

[:data int particle Tree-Cons-Obj]

[:suicide]

[:forward Tree-Cons-Obj Tree-Cons-Obj]))

(deftype (obj-msg Force-Calc-Obj)

(union (obj-msg Tree-Cons-Obj) ;; inherit the interface of T r e e-Cons-Obj

[:bottom-up-data real real]

[:term]

[:link-lchild bool real Force-Calc-Obj]

[:link-rchild bool real Force-Calc-Obj]

[:add-links bool real Force-Calc-Obj bool real Force-Calc-Obj]

[:accel-calc int real]

[:spread-this-info int real real]

[:up-this-info int real real real real]

[:down-this-info int real real real real]

[:construct Tree-Cons-Obj real]))

(deftype (obj-msg Printer-Obj)

(union [:print-int int]

[:print-real real]))

(deftype collist (union [:nil] [:col Tree-Cons-Obj :next collist]))

[class Tree-Cons-Cell Tree-Cons-Obj ((real size pos))

(state (int (m-num 0) (n-new 0))

(particle (pa [:noparticle]))

(Tree-Cons-Obj lchild rchild)

(real (size-half (* size 0.5)))

(collist (oldobj-list [:nil])))

110

(wait-for

(=> [:n-waits n]

(dotimes (n-count n)

(wait-for

(=> [:data mn p oldobj]

(incf m-num mn)

(if (= mn 1) [pa := p])

(if (> mn 0)

(progn

(incf n-new)

(if oldobj

[oldobj-list := [:col oldobj :next oldobj-list]]))

[oldobj <= [:suicide]]))))))

(if (/= m-num 1) [pa := [:noparticle]])

(tagbody

(if (= n-new 0)

(progn

(wait-for

(=> [:target nobj]

[nobj <= [:data 0 [:noparticle] nil]]))

(go exit)))

(if (= n-new 1)

(progn

(match oldobj-list

(=> [:nil]

(go cont))

(=> [:col oobj :next olist]

(wait-for

(=> [:target nobj]

[nobj <= [:data m-num pa oobj]]))))

(go exit)))

cont

(if (> m-num 1)

(progn

;; cre ate child objs

[[lchild rchild] := [(new-Tree-Cons-Cell size-half

(- pos size-half))

(new-Tree-Cons-Cell size-half

(+ pos size-half))]]

[[lchild rchild] <= [:n-waits n-new]]

(tagbody loop

(match oldobj-list

(=> [:nil])

(=> [:col oobj :next olist]

[oobj <= [:forward lchild rchild]]

[oldobj-list := olist]

(go loop)))))

(tagbody loop

(match oldobj-list

(=> [:nil])

(=> [:col oobj :next olist]

[oobj <= [:suicide]]

[oldobj-list := olist]

(go loop)))))

(wait-for

(=> [:target nobj]

[nobj <= [:data m-num pa Me]]))

(wait-for

(=> [:suicide])

(=> [:forward ls rs]

(if (= m-num 1)

(progn

;; cre ate child objs in resp onse to the forward message

[[lchild rchild] := [(new-Tree-Cons-Cell size-half

(- pos size-half))

111

(new-Tree-Cons-Cell size-half

(+ pos size-half))]]

(match pa

(=>[:n n :mass mass :pos pa-pos :vel vel :pre-dt pre-dt]

(if (>= pa-pos pos)

(progn

[lchild <= [:n-waits 0]]

[rchild <= [:n-waits 1]]

[rchild <= [:data 1 pa nil]])

(progn

[rchild <= [:n-waits 0]]

[lchild <= [:n-waits 1]]

[lchild <= [:data 1 pa nil]]))))))

[lchild <= [:target ls]]

[rchild <= [:target rs]]))

exit)]

[class Force-Calc-Cell Force-Calc-Obj

((real size pos) (Force-Calc-Obj dad) (Printer-Obj pr))

(state

(int (m-num 0) (term-count 0) total-num (curr-num 0))

(real (size-half (* size 0.5)) (m-sum 0.0) (m-center 0.0) dt (accel 0.0))

(particle (pa [:noparticle]))

(Force-Calc-Obj lchild rchild left-side right-side))

(tagbody loop

(wait-for

;;

;; for tre e construction

;;

(=> [:data mn p oldobj] ; from col lector object

[m-num := mn]

(if (= m-num 1)

(progn

[pa := p]

(match pa

(=> [:n n :mass mass :pos pos :vel vel :pre-dt pre-dt]

[m-sum := mass]

[m-center := pos]))))

(if (> m-num 1)

(progn

[[lchild rchild]

:= [(new-Force-Calc-Cell size-half

(- pos size-half) Me pr)

(new-Force-Calc-Cell size-half

(+ pos size-half) Me pr)]]

[oldobj <= [:forward lchild rchild]]

(wait-for

(=> [:bottom-up-data son1-m-sum son1-m-center]

(wait-for

(=> [:bottom-up-data son2-m-sum son2-m-center]

[m-sum := (+ son1-m-sum son2-m-sum)]

[m-center

:= (/ (+ (* son1-m-sum son1-m-center)

(* son2-m-sum son2-m-center))

m-sum)])

))

))

[oldobj <= [:suicide]])

[dad <= [:bottom-up-data m-sum m-center]])

(=> [:term]

;; check termination of

;; 1. lateral link

;; 2. delivering cel l data

(incf term-count)

(if (= term-count 2) ; both of lchild, rchild

(progn [dad <= [:term]] [term-count := 0])))

112

;;

;; for adding later al links

;;

(=> [:link-lchild p pos s]

[lchild <= [:add-links p pos s (not rchild) 0.0 rchild]])

(=> [:link-rchild p pos s]

[rchild <= [:add-links (not lchild) 0.0 lchild p pos s]])

(=> [:add-links lp lpos ls rp rpos rs]

[left-side := ls]

[right-side := rs]

(if lp

[Me <= [:link-lchild lp lpos

(if (and left-side

(>= (+ lpos size) (- pos size)))

left-side nil)]]

(let ((bool (p (not lchild))))

[left-side <= [:link-rchild

p m-center

(if (and p (= m-num 1)) Me lchild)]]))

(if rp

[Me <= [:link-rchild rp rpos

(if (and right-side

(<= (- rpos size) (+ pos size)))

right-side nil)]]

(let ((bool (p (not rchild))))

[right-side <= [:link-lchild

p m-center

(if (and p (= m-num 1)) Me rchild)]]))

(if (not lchild) [dad <= [:term]]))

;;

;; for delivering c el l information.

;;

(=> [:accel-calc t-num t-dt]

(if (= m-num 1) (progn [total-num := t-num] [dt := t-dt]))

(if (> m-num 0)

[dad <= [:spread-this-info m-num m-sum m-center]]

[dad <= [:term]])

[[lchild rchild] <= [:accel-calc t-num t-dt]])

(=> [:spread-this-info mn ms mc]

[dad <= [:up-this-info mn ms mc m-center (* appro size)]]

;; # of particle, sum of mass, center of mass,

;; dad’s center of mass, size of distribution range

)

(=> [:up-this-info mn ms mc dmc sz]

(if (>= sz size)

[dad <= [:up-this-info mn ms mc dmc sz]]

(progn

[Me <= [:down-this-info mn ms mc dmc sz]]

(if (< dmc pos)

[left-side <= [:down-this-info mn ms mc dmc sz]]

[right-side <= [:down-this-info mn ms mc dmc sz]]))))

(=> [:down-this-info mn ms mc dmc sz]

(let ((real (hsz (* sz 0.5))))

(if (= mn 1) [hsz := 0.0])

(if lchild

(if (and (> (+ dmc sz) (- pos size))

(<= (- dmc sz) (+ pos size))

(or (<= (+ mc hsz) (+ pos size))

(> (- mc hsz) (- pos size))))

[[lchild rchild] <= [:down-this-info mn ms mc dmc sz]])

(if (and (= m-num 1)

(> (+ dmc sz) m-center)

(<= (- dmc sz) m-center)

(or (<= (+ mc hsz) m-center)

(> (- mc hsz) m-center)))

(progn

113

;;

;; acc eler ation calculation

;;

(incf accel (* G ms

(let ((real (x (- mc m-center))))

(if (= x 0.0)

x

(let ((real (absx (if (> x 0.0) x

(- 0.0 x)))))

(/ x (+ (* absx absx absx)

ep)))))))

(incf curr-num mn)

(if (= curr-num total-num)

(progn

(match pa

(=>[:n n :mass mass :pos pos :vel vel

:pre-dt pre-dt]

(let* ((real

(new-vel

(+ vel (* accel (+ dt pre-dt) 0.5)))

(new-pos

(+ pos (* new-vel dt)))))

[pr <= [:print-real new-pos]]

[pa := [:n n :mass mass

:pos new-pos

:vel new-vel :pre-dt dt]])

))

[dad <= [:term]])))))))

;;

;; for next tr e e construction

;;

(=> [:construct collect-to space-size]

(let ((Tree-Cons-Obj (new-self (new-Tree-Cons-Cell space-size 0.0))))

(if lchild

(progn [new-self <= [:n-waits 2]]

[[lchild rchild] <= [:construct new-self space-size]])

(progn [new-self <= [:n-waits 1]]

[new-self <= [:data m-num pa nil]]))

[new-self <= [:target collect-to]]))) (go loop))]

[class miniPrinter Printer-Obj ()

(tagbody loop

(wait-for

(=> [:print-int i]

(print i))

(=> [:print-real r]

(print r))) (go loop))]

[class main Force-Calc-Obj ((int np nl))

(let*

((Tree-Cons-Obj obj0 new-collector cur-collector)

(Force-Calc-Obj root0 next1)

(Printer-Obj (pr (new-miniPrinter)))

(real (a (/ 1.0 np)) (p (* a -0.5)) pos (dt tstep)

(space-size (* np 0.5)))

(int (total-num 0)))

(dotimes (i np) ; # of particle

[new-collector := (new-Tree-Cons-Cell space-size 0.0)]

[obj0 := (new-Tree-Cons-Cell space-size 0.0)]

(incf p a)

[pos := (* (- (* 2.0 p) 1.0) space-size)]

[pr <= [:print-real pos]]

[obj0 <= [:data 1

[:n (incf total-num) :mass 1.0 :pos pos

:vel 0.0 :pre-dt dt]

nil]]

114

[obj0 <= [:n-waits 1]]

[obj0 <= [:target new-collector]]

(if cur-collector

(progn

[cur-collector <= [:target new-collector]]

[new-collector <= [:n-waits 2]])

[new-collector <= [:n-waits 1]])

[cur-collector := new-collector])

[root0 := (new-Force-Calc-Cell space-size 0.0 Me pr)]

[cur-collector <= [:target root0]]

[cur-collector := nil]

(wait-for (=> [:bottom-up-data ms mc]))

[pr <= [:print-int (get-utime)]] ; end-�rst-tre e-c onstruction

(dotimes (k nl)

;; next tre e construction

[next1 := (new-Force-Calc-Cell space-size 0.0 Me pr)]

[root0 <= [:construct next1 space-size]]

[root0 := next1]

(wait-for (=> [:bottom-up-data ms mc]))

[pr <= [:print-int (get-utime)]] ; end-tre e-c onstruction

;; acc c el calc

[root0 <= [:add-links true 0.0 nil true 0.0 nil]] ; add lateral links

(wait-for (=> [:term]))

[pr <= [:print-int (get-utime)]] ;end-adding-lateral-link

[root0 <= [:accel-calc total-num dt]] ; trigger acc eler ation calc

(tagbody loop

(wait-for

(=> [:spread-this-info mn ms mc]

[root0 <= [:down-this-info mn ms mc 0.0

(* 2.0 appro space-size)]])

(=> [:up-this-info mn ms mc dmc sz]

[root0 <= [:down-this-info mn ms mc dmc sz]])

(=> [:term] (go exit)))

(go loop) exit)

[pr <= [:print-int (get-utime)]] ; end-acc el-c alc

)

[pr <= [:print-int (get-utime)]] ; end

)]

115