Ob ject-Oriented Concurren t Re ective

Architectures

�

Satoshi Matsuok a T akuo W atanabe Y uuji Ichisugi

Akinori Y oneza wa

Department of Information Science, The University of T okyo y

Abstract

Re e ction provides the abilities to reason and alter the dynamic b ehavior of com-

putation from within the language framework. It is a practical scheme that o�ers a

new p ersp ective in constructing a malleable, large-scale system such as programming

languages, op erating systems, and window systems. Re ection is more b ene�cial in

ob ject-oriented concurrent/distributed computing, where the complexity of the sys-

tem is much greater compared to sequential computing; this has b een demonstrated

through recent works in Obje ct-Oriente d Concurrent Re e ctive (OOCR) architec-

tures. F rom a structural p ersp ective, we can categorize OOCR architectures into

individual-base d, group-wide, and their hybrid (hybrid group). Through the intro-

ductive categorization of various OOCR architectures based on our previous and

current work, we explore the characteristics as well as b ene�ts and limitations of

each.

1 Intro duction to Re ection and Re ective Systems

Re e ction is the pro cess of reasoning ab out and acting up on the system itself[23, 15, 34].

In a conv entional computing system, the subje ct matter of computation is external to the

system, i.e., the computation is p erformed on data that represent or mo del entities that

are external to the system. A r e e ctive system takes a step further by allowing the sub ject

matter b e the system itself, i.e., computation can b e p erformed on the system itself in

a uniform wa y[15]. A re ective system thus ‘op ens up’ the system by providing an ap-

propriate abstraction on the internal (often implementational) detail of itself to the user

program. Contrary to the misconception that ‘re ection’ is some di�cult-to-understand,

not-to o-useful philosophical jargon, it is a practical scheme that o�ers a new p ersp ective

in constructing a malleable, large-scale system such as programming languages[14], op-

erating systems[32], and window systems[22]. One can make an analogy of re ection to

�

Presented at the W orkshop on Ob ject-Based Concurrent Programming, Geneve, Switzerland, July ,

1991. (Pro ceedings to b e published as Mario T okoro et.al. eds., a volume in Lecture Notes in Computer

Science, Springer-V erlag, 1992)

y

Physical mail address: 7-3-1 Hongo, Bunkyo-ku, T okyo 113, Japan. Phone 03-3812-2111 (ov erseas

+81-3-3812-2111) ex. 4108. E-mail: fmatsu,takuo,ichisugi,yonezawag@is.s.u-toky o.ac.jp inheritance, which was derived from AI and incarnated into ob ject-oriented programming

languages, and now serves imp ortant roles in metho dologies for system construction of

user interfaces, op erating systems, and database systems. W e b elieve that, in the same

manner, re ection can o�er another clear architectural p ersp ective, esp ecially for the

dynamic asp ects of the system where inheritance is known to b e somewhat ine�ective.

T o exp ose, or reify its internals, a re ective system contains data that represents or

mo dels the metalevel structural and computational asp ects of itself within itself. Such

data is said to b e rei�e d, and must b e dynamically self-accessible and self-mo di�able by

the user program. F urthermore, when the user mo di�es such data, the mo di�cation must

b e ‘re ected’ to the actual computational state of the user program. This requirement is

termed as c ausal-c onne ction, and is satis�ed by all re ective systems. When the require-

ment is satis�ed, the meta-level data that provides the abstraction is called the Causal ly-

Connecte d Self-Repr esentation(s) (CCSR). F or practical purp oses, the meta-relation is

often that of implementation. In such systems, causal connection is automatically guar-

anteed. Although mo difying the implementation may seem like a dangerous endeavor, it

has b een shown that mo di�cation can b e con�ned to the lo cal p ortion of the user program

by some appropriate Metaobject Proto c ol, a scheme pioneered in CLOS[14].

Another requirement for re ective systems is that self-access and self-mo di�cation

must b e p ossible in a way that is little di�erent from the base-level programming. In

other words, appropriate abstraction of the internal program state must b e provided

by the system so that the user can p erform the meta-programming of the system in a

clean, concise manner that do es not deviate signi�cantly from ‘normal’ programming.

F or example, in 3-Lisp[23], one can program re ective computation merely by de�ning

re e ctive pro c e dur es whose means of de�nition di�er little from that of normal pro cedures.

2 Re ection in Ob ject-Orien ted Concurren t Systems

| The Bene�ts

The b ene�ts of c omputational re e ction in sequential languages have b een identi�ed by

many researchers: Previously

, programming language functionalities such as debugging

facilities, interfaces to external world, and exception handling were added to languages

in an ad ho c and in exible manner. In contrast, languages based on re ective execution

mo dels are p owerful in providing linguistic mechanisms to use the ab ove functionalities

in a uniform and exible manner via clean access of the abstraction on how the system is

implemented[15, 14].

W e claim that re ection is more b ene�cial in concurrent computing, for a concurrent

system embo dies multitudes of asp ects that do not arise in sequential computing: schedul-

ing, communication, and load-balancing, among numerous others. Those asp ects are still

considered to b e mostly outside the scop e of programming languages, and their control is

only av ailable in a �xed, ad-ho c fashion, with little p ossibility for user extensibility

. This

is a not favorable, since concurrent architectures are muc h more complex as compared to

sequential ones, and the system must b e open to structured dynamic extensions and/or

mo di�cations for adapting to new problems and environmen ts.

Here, as were p ointed out in [34] and [24], constructing a concurrent system with a

re ective architecture could b e b ene�cial to encompass such asp ects within the programming language framework for the reasons mentioned ab ove. The dynamic optimization is

esp ecially e�ective in a concurrent system b ecause (1) as mentioned, the re ective archi-

tecture allows the programmer to control the computational asp ects of concurrent system

dynamically

1

, and (2) b oth the re ective computation and the base-level computation can

b e p erformed in parallel[34, 17, 29].

3 Ob ject-Oriented Concurren t Re ective (OOCR)

Arc hitectures

With the aforementioned observations and principles, our research prop osed the use of re-

ection in the framework of Obje ct-Oriente d Concurr ent Pro gr amming (OOCP), with v ari-

ous Object-Oriente d Concurrent R e e ctive (OOCR) architectures: languages ABCL/R[29]

and X0/R[18] were based on the individual-b ase d archite ctur e, ACT/R[30] was based on

the gr oup-wide ar chite ctur e

2

, and the evolution of ABCL/R, the language ABCL/R2[17],

was based on the hybrid group archite ctur e. Each language di�ered in what meta-lingual

features can b e realized through re ection, i.e., what features particular to concurrent

OO computing, such as ob ject monitoring and migration, could b e cleanly encompassed

within the programming language framework. There, the evolution of the languages can

b e understo o d for the di�erence in the characteristic of their re ective architectures.

Although there have b een works that discusses various asp ects of re ection and clas-

si�es metalevel/re ective architectures from di�erent viewp oints[16, 28, 6, 24], so far to

our knowledge no work has existed that generally discusses re ection in the context of

concurrent/distributed ob ject-oriented languages. Nor, has there b een work that classi-

�es architectures dep endent on characteristics that are p articular to obje ct-oriente d con-

currency, i.e., not b ecoming manifest in sequential ob ject-oriented languages. It is our

premise that the need for such a discussion and classi�cation is b ecoming omnipresent

| for as we argued ab ov e, the p ower of re ection can b e b est utilized in concurrent

computation. F urthermore, we claim that in order for re ection to b e put to practical

use in concurrent/distributed systems, we need to analyze and ev aluate the merits and

weaknesses of each, and synthesize a new architecture suitable for practical use.

First, the two asp ects of CCSR in OO languages are the (1) structur al aspe ct, indicating

how ob jects or group of ob jects in the base-level and the meta-level are constructed and

related, and the (2) computational asp e ct, indicating how meta-level ob jects represent

the computation of the base-level ob jects[6]. Altogether, appropriate construction of

the meta-level ar chite ctur e dictates what structural and computational asp ects can b e

re ected and op erated up on | this we b elieve is more prevalen t in concurrent systems,

for factors such as scheduling must b e given appropriate meta-level abstractions in order

for them to b e e�ectively and e�ciently accessed from the base-level.

The OOCR architectures can b e categorized from the structural asp ect, chie y de-

p endent on whether the architecture has the notion of metaobje cts, which Pattie Maes

introduced for sequential ob ject-oriented language 3-KRS in [15]. It is often argued that

providing explicit metaob jects in the architecture is conceptually natural with resp ect to

1

One of the interesting applications we will note is to change the scheduling p olicy of ob ject execution

dynamically [3] in distributed simulation based on the Time W arp Scheme[13].

2

The original idea of the group-wide architecture was mentioned in the last sections of [29] and [34] the uniformity principle, \everything is an ob ject." But, what do we really mean by a

‘metaob ject’ ? It is p ointed out that there has b een great confusion on the usage of the

term[7] | we �rst attempt to provide conceptual distinction in the terminologies.

A meta-level obje ct is any ob ject that resides in the meta-level of the ob ject-level com-

putation. Metaobje cts are ob jects that re ects the structural and computational asp ect of

a p articular base-level ob ject; thus, a metaob ject is a meta-level ob ject, while the converse

is not necessarily so. The relationship b etw een the metaob jects and the base-level ob ject

they represent could either b e one-to-one or many-to-one, i.e., there could b e multiple

metaob jects collectively ‘representing’ a single base-level ob ject[10, 21]. The metaob jects

must b e unique to a single ob ject in the base-level, that is, they are not shared.

There are several imp ortant criteria that metaob jects must satisfy that distinguish it

from other meta-level ob jects:

1. Identi�ability of Metaobje cts | a base-level ob ject must b e able to identify its

metaob jects intrinsically .

2. Uniqueness of Metaobject Denotation | metaob jects must b e able to intrinsically

and uniquely identify the base-level ob ject it denotes.

3. Causal Conne ction | a base-level ob ject and its metaob jects must b e causal ly

c onne cte d.

4. Governing of Computation | the metaob ject must dynamically gov ern the compu-

tation of the ob ject it denotes or represents.

By these criteria, the 3-KRS and ABCL/R ‘metaob jects’ are metaob jects as we de-

scrib e later on, whereas the CLOS ‘metaob jects’ are meta-level ob jects in our terminology .

Class ob jects in class-based languages such as Ob jVLisp[4] are not metaob jects either,

for (1) the denotation is not direct and/or not unique, and (2) classes are not \meta" in a

computational sense[6], that is, they do not actually gov ern the dynamic asp ect of ob ject

computation.

Given the distinction of metaob jects and meta-level ob jects, a re ective ob ject-oriented

system can basically b e constructed in tw o ways:

� Individual-Based Architecture: Each ob ject in the system has its own metaob-

ject(s) which gov ern(s) its computation. By ‘individual-based’ we mean that an

individual ob ject is the unit of base-level computation that has a meaningful CCSR

at the meta-level.

� Group-wide Architecture: In this architecture, a group of meta-level ob jects

comprises the meta-level. The b ehavior of an ob ject is not gov erned by metaob jects;

rather, the collective b ehavior of a gr oup of ob jects is represented as the co ordinated

actions of a group of meta-level ob jects, which comprise the meta-group. By ‘group-

wide’ we mean that the entire ob ject group is the unit of base-level computation

that has a meaningful CCSR at the meta-level (as a meta-group); thus, there are NO

intrinsic meta-relationships b etween a base-level ob ject and a particular metaob ject

at the meta-level.

� Hybrid Group Architecture: The hybrid group architecture combines the individual-

based architecture and group-wide architecture. Each ob ject has its own metaob-

ject(s), while the co ordinated actions of a group of ob jects, such as scheduling, are

controlled by meta-level ob jects that comprise the meta-group. Both the individual

ob ject and the group have meaningful CCSR at the meta-level.

F or sequential OO-languages, the representativ e of the individual-based architecture

is 3-KRS, and the one representative of the group-wide architecture is CLOS. Below, we

will give examples of each architectures for ob ject-oriented concurrent languages in our

research.

3.1 The Individual-Based Architecture | ABCL/R

An example of this architecture is ABCL/R[29]. Each ob ject has its own unique metaob-

ject, " x that can b e accessed with a sp ecial form [meta x]. Conv ersely

, given a metaob-

ject " x, [den " x] denotes the ob ject it represents. The corresp ondence is 1-to-1, i.e.,

[meta [den " x]] def

= " x and [den [meta x]] def

= x. The structural asp ects of x | a set of

state v ariables, a set of scripts, a lo cal evaluator, and a message queue | are part of state

v ariables of " x. A metaob ject has its own metaob ject " " x as well and so on, conceptually

forming an in�nite tower of metaob jects (Figure 1).

Figure 1: The Individual-Based Architecture in ABCL/R

The arrival of a message M at ob ject x is represented as an acc eptanc e of the mes-

sage [:message M R S ] at " x, where R and S are the reply destination object and

the sender object, resp ectively

. The interpretation of the script of x by " x is carefully

designed so that the concurrent activities allowed within an ob ject in the computational

mo del are preserved. Causal connection and total governing are guaranteed as " x imple-

ments x. Figure 1 illustrates this. As are most individual-based architectures, re ective

computation by an ob ject in ABCL/R is basically p erformed by sending messages to its

metaob ject (or any other metaob jects in the tower); alternatively

, the metaob ject can

immediately identify and send messages to its denotation.

Note that the individual-based architecture is indep endent from the issue of inter-

level concurrency

. As stated earlier, In a sequential OO-re ective architecture, there is only a single computation thread in the tower of metaob jects. This thread p erforms

the interpretation of a certain level, and a re ective op eration causes a ‘shift’ of this

level. By contrast, in ABCL/R, there is internal concurrency within a single ob ject as

de�ned by the computational mo del of ABCL/1[33]: message reception/queuing versus

the execution of the user script. The interpretation of x by " x is designed so that the

former is p erformed as a meta-level task while the latter is p erformed as a base-level task.

Concurrency b etw een the tasks is then preserved, b ecause ABCL/R supp orts inter-lev el

concurrency b etween the base-level ob ject and its metaob ject.

Other examples of individual-based architecture are Rosette[27], Merling I I I[5], T anak a’s

actor language

3

[26], and X0/R. The distinction here is the relationship b etw een the ob ject

and its metaob ject | whether the meta-ob ject has a separate identity from the ob ject it

denotes:

� ‘Uni�ed’ Identity: when the meta relationship is that of total implementation

as in ABCL/R. There is actually only one unique ob ject in the tow er; whether

to regard it as an ob ject or its metaob ject (or metametaob ject, : : : ad in�nitum)

dep ends on from which level the ob ject is b eing ‘viewed’ in the computation.

� Separate Identit y: the metaob ject has its own separate identity

. Metaob jects in

3-KRS, Merling I I I, and X0/R are of this kind. In a class-based architecture, a

metaob ject is often an instance of class MetaObject or its sub classes.

� Partially Self-Reifying Identity: when there are no explicit metaob jects, but

the snapshot of ob ject state can b e rei�ed. W e can consider the rei�ed structure to

b e obtained from the implicit metaob ject. T-Actor is an example of this.

The advan tage of the separate identity over the �rst two is that the metaob ject could

b e interchanged dynamically in order to change the basic b ehavior of the ob ject, such as

message reception. Although unrestricted alteration of metaob jects could b e catastrophic

to the integrit y of computation, it nevertheless can b e a p ow erful to ol if employed in a

controlled manner[18]. Dynamic alteration is more di�cult for the �rst tw o, although

p ossible for the uni�ed identity by changing the b ehavior of the metaob ject through its

meta-metaob ject. One ma jor drawback of the separate identity particular to concurrency

is the p ossible cost for maintaining causal connection. This b ecomes prevalen t if the only

wa y for the ob jects to communicate is via messages, b ecause there is a natural delay for the

transmission to o ccur. Then, the ob ject and its metaob ject must explicitly synchronize

their activities in order to maintain the causal connection.

3.2 The Group-wide Re ective Architecture | ACT/R

ACT/R[30] is an Actor-based language that supp orts the notion of groups under this

architecture. It is based on Gul Agha’s Actor formalism[1] which mo dels the state of

system S of Actors as its c on�gur ation, C (a pair consisting of a set of Actors and a set of

tasks in the system), and de�nes transitional semantics b etw een the con�gurations, each

transition b eing the computation of a task. Now, given a con�guration C , W e de�ne the

3

Unfortunately

, this language do es not have an o�cial name; henceforth, we will refer to it as T-Actor

for convenience.

6 metacon�gur ation "C as b eing a metalevel representation of a con�guration by a system

of Actors. A task < t; m; k > in C where t is the tag of the task, m is the target mail

address, and k is the message value, is represented in the metacon�guration as a meta-

task < u; m

�

; [:task "t "m "k ] >, where u is the task tag of the meta-task, m

� is the

mail address of the task hand ler A ctor � , and " is the hand le function

4

. Actors in the

base-level have their sp eci�c information stored at the meta-level database entry Actors,

which are accessed via the meta-level datab ase Actor �

S

. The framework is conceptually

illustrated in Figure 2. W e formally prove that " S is a correct representation of S by

showing that the transitions in "S faithfully represent transitions in S . The di�culty is

that the atomicity of a transition in the base level no longer holds at the meta-level; we

ov ercome this with a technique called normalization. F or details, see [30].

Figure 2: The Group-Wide Architecture in ACT/R

The essence of ACT/R is the lack of metaob jects, for the b ehavior of a single Actor

is realized at the meta-level by co ordinated action of multiple meta-level Actors. All

re ective op erations are p erformed solely via message sends, which are interpreted at the

meta-level concurrently with interpretations of Actors in the base level. W e claim that

there are no metaob jects in ACT/R, although one could argue that the database entry

Actors are so, for there is one entry Actor for each handle of the base-level Actors. They

do not, howev er, satisfy our criteria, for (1) the denotation is not direct, and (2) the

database entry Actor is not solely resp onsible for the computation of the corresp onding

Actor in the base level, e.g., the message reception is the resp onsibility of the task handler

Actor.

Another example of the group-wide architecture, is the Muse distributed op erating

system[32, 31], although it has some features of the hybrid group architecture we discuss

b elow. In Muse, the meta-level ob jects in the ‘meta-space’ ‘supp ort’ the activity of the

4

Not to b e confused with the metaob ject notation in ABCL/R.

7 ob jects of the base-level. There are sp eci�c meta-level ob jects resp onsible for various op er-

ating system tasks, such as message delivery

, scheduling, memory management, etc. The

re ective op eration is p erformed by communicating with the meta-space via communica-

tion p orts called re e ctors. Muse is not a programming language, nor has an underlying

monolithic base language, as is true for Genera[25] (which is Lisp-based). The system

is nevertheless re ective, in that Muse has its own ob ject mo del that can b e realized by

multiple ob ject-oriented programming languages. Because of its language indep endence

(b eing a general-purp ose op erating system), features that are highly language dep endent,

e.g., environments, are not handled in the Muse ob ject mo del. Howev er, Muse do es sup-

p ort primitives for constructing some types of language features that are essential for the

manipulation of the Muse ob ject system, such as classes.

3.3 The Hybrid Group Architecture | ABCL/R2

In real-life concurrent language architectures, v arious system resources such as compu-

tational p ower, communication, storage, I/O, etc., are naturally distributed, and their

av ailabilities are limited; computational p ower, for example, is limited by the number of

CPUs in the system. F or this reason, co ordinated resource management is a fundamental

problem in any concurrent architecture, but usually b ecome little manifest at the lan-

guage level. W e made attempts to linguistically (namely

, at the programming language

level) formulate re ective features including resource management with previous OOCR

architectures, and discovered the limitations of the architectures on their manageability

of �nite resources and their co ordinated management. The primary reason was that such

co ordinations require the following abstractions to exist simultaneously in the meta-level:

(1) (meta-level) ob ject groups representing global computation, (2) ob ject identity in the

meta-level for the control of individual ob jects, and (3) prop er abstraction of limited or

b ounded computational resources.

T o solve this problem, we prop osed the notion hybrid gr oup ar chite ctur e and the lan-

guage ABCL/R2 based on this architecture[17]. By ‘hybrid’ we mean that the architecture

embo dies the architectural prop erties of b oth the individual-based and the group-wide

architecture. Each ob ject has its own (tow er of ) metaob ject in the same manner as

ABCL/R, and it also b elongs to an ACT/R-lik e group. At the base-level, the structure

of a group is at in the sense that there are no base-level memb er ob jects that p erform

tasks sp eci�c to the group. Rather, analogous to the group-wide re ection, the structure

and the computation of a group is explicitly de�ned at the meta- and higher levels of

the group, by the ob jects called the group kernel objects. The group p erforms manage-

ment of computational resources, called gr oup shar e d resour c es by co ordinating among

the metaob jects of the memb ers and the group kernel ob jects.

Groups can b e created dynamically with the group creation forms. The creation

pro cess of a group is not intrinsic, but is given a concrete metacircular de�nition with

ABCL/R2. As a result, not only that we have the tower of metaob jects, but we also have

the tower of meta-groups as in ACT/R.

The key features of the language ABCL/R2 are as follows[17]:

� Heterogeneous Ob ject Groups and Group Shared Resources

� Non-reifying Ob jects (ob jects that do not hav e metaob jects)

8

Figure 3: The Hybrid Group Architecture in ABCL/R2

� Meta-groups and Individual/Group Re ective T o wers

The essential p oint is that these features are not ad-ho c, but are de�ned within

the framework of our re ective computational mo del. As a result, re ective features of

ABCL/R2 allow co ordinated computational resource management to b e e�ectively mo d-

eled and e�ciently controlled | for example, the scheduling problem of the Time W arp

algorithm[13] used in parallel discrete event simulations can b e elegantly solved. Figure 3

is the pictorial illustration of the re ective architecture of ABCL/R2.

The hybrid group architecture also contributes feedback to the conceptual side of

OOCR architectures and ob ject groups by (1) showing that (heterogeneous) ob ject groups

are not ad-ho c concepts but can b e de�ned constructively and lucidly

, and (2) identifying

that hybrid group architectures embo dy two re ective tow ers, instead of one: the individ-

ual tower that mainly determines the structure of the ob ject, and the group tower that

mainly determines the computation.

Our work on ABCL/R2 is still ongoing | the actual implementation of the compiler

raises v arious interesting issues regarding optimizations. Also, there are still many asp ects

of concurrent computation we hav e not addressed in ABCL/R2. F or example, there is a

di�culty in the management of tw o distinct resources exhibiting collab orative b ehaviors;

or, how to mo del the b ehavior of group of ob jects actively comp eting for the computational

resource to solve a problem as a whole.

9

4 F uture Directions | T o w ards Stronger Theoret-

ical and Practical F oundations

Recently

, there hav e b een several interesting works on OOCR architectures other than the

ones we hav e mentioned so far. These include AL-1[11, 12], OOjj[2], and Actra[19, 20].

Although they could b e classi�ed as b eing an instance of the ab ove architectures, each

has interesting and unique architectural asp ects that were not covered in this pap er.

F or example, AL-1 is basically individual-based architecture; the novel asp ect of AL-1,

how ever, is that the CCSR of a single ob ject can b e ‘viewed’ in several ways, dep ending

on how muc h the user wants to exp ose the underlying implementation of the ob ject. This

framework, called multi-mo del r e e ction framework in [12], allows the user to work with

v arying degrees of re ection by not restricting the user to a single mo del of CCSR.

Still, much more work needs to b e done in order for re ection to b e used generally in

constructing malleable architectures. Figure 4 is a road map describing the relationships

b etween our previous and current work, plus our future directions in search for a b etter

OOCR architecture. Our current research topics include:

Figure 4: The Road Map of Our Previous and Current W orks, Plus F uture Directions

� T o lay a more theoretical foundation for the hybrid group architecture | rather

than giving direct formalization of ABCL/R2, we are currently taking an alterna-

tive approach by again using Actor transition system as the base computational

mo del. The work is currently called MACTOR, and has a di�erent formulation

from ACT/R, more in line with ABCL/R2.

10

� T o have an e�ective parallel implementation of ABCL/R2 | W e are in the pro cess of

(1) constructing a prototype called Micro-ABCL/R2, which runs pseudo-parallel on

conv entional workstations, and (2) a full implementation on OMRON LUNA-88K,

which has a shared-memory architecture and runs Mach. There are v arious technical

intricacies, esp ecially on how to e�ciently and safely break the metacircularity in

the compiler, as mentioned ab ov e.

� T o construct and apply re ective system to real-world applications in concurrent/distributed

systems | In parallel to the developmen t of ABCL/R2, we are designing a language

called RbCl (Re ection-based Concurrent language). The non-re ective features of

RbCl are similar to that of ABCL/1; it is intended to run on a netw ork of worksta-

tions and also on multicomputers such as iPSC/860.

W e will brie y ov erview our latest language, RbCl, in the next section.

4.1 RbCl | A Hybrid Group Architecture Language for Prac-

tical Distributed Computing

The main motivation of this research is to develop a practically useful concurrent program-

ming system that is easy to customize and b ecome adaptable. W e prop ose our ob ject-

oriented concurrent re ective language RbCl (R e ection-b ased C oncurrent l anguage)[10].

The goals of the RbCl system are as follows:

1. The system should b e adaptable to v arious environments that di�er in the architec-

ture of parallel computers, and in the characteristics of applications. The system

should also b e able to evolv e according to dynamic changes of execution environ-

ments.

2. The system should b e used as a platform for various exp eriments on parallel lan-

guages to test linguistic mechanisms and implementation schemes.

3. The programmer should b e able to access external environmen ts (e.g., window sys-

tems, database systems, etc.) in a uniform manner.

4. The system should b e e�cient enough for a v ariety of parallel and distributed ap-

plications.

The requirements 1 and 2 are realized by the re ective computation facilities provided

by RbCl. T o make our language easy to program and practically useful, one of our goals

of this research is to provide a disciplined scheme for the usage of re ective facilities that

is analogous to the metaob ject proto col (MOP) of CLOS[14].

The re ective architecture of RbCl is a practical incarnation of the hybrid group archi-

tecture. Each unit of metalevel representation mo dels (or represents) a group of base-level

ob jects, and such a group corresp onds to the group of ob jects running on a single pro ces-

sor no de. The RbCl metalevel architecture mo dels the actual hardware con�guration of

a distributed computation system. Basically

, the metalevel architecture consists of meta-

level ob jects that form a metacircular de�nition (or, implementation) of the execution

mechanism of base-level ob jects, just as ABCL/R2. Namely

, the execution mechanism

11

Figure 5: Overview of the RbCl Architecture

of a group of ob jects is represented by a (unit) group of meta-level ob jects. Re ective

computation in RbCl is realized by the interaction b etween the base-level ob jects and the

metalevel ob jects via message passing as in [29, 30, 17] (Figure 5). Our metaobject pr oto-

col (RbCl-MOP) to b e designed provides a set of rules to customize and mo dify/extend

metalevel ob jects in a disciplined manner.

One of the interesting characteristics of RbCl is the linguistic symbiosis with other

ob ject-oriented languages, namely C++, which do es not o�er re ective capabilities by

itself. C++ ob jects and RbCl ob jects may co exist and communicate with each other

within the RbCl system. Communication is transparent to each language due to the

encapsulation prop erty of ob jects: A RbCl ob ject can communicate to a C++ ob ject

via the RbCl message passing proto col, which to a C++ ob ject corresp onds to a virtual

function inv o cation. The conv erse is also p ossible, i.e., message passing expression in a

C++ ob ject to a RbCl ob ject would corresp ond to a now type (i.e., RPC-like) message

passing in RbCl.

The notion of symbiosis is di�erent from simple \external language interface" schemes

of previous languages. Neither C++ ob jects nor RbCl ob jects require little or no sp e-

cial programming to do the interlingual communication, b ecause they cannot basically

distinguish whether the receiver is a C++ ob ject or a RbCl ob ject in their message trans-

mission. This is more di�cult to realize than it seems, b ecause the message passing

semantics of the tw o languages are totally di�erent. F or example, a RbCl ob ject could

send an asynchronous message to a C++ ob ject, which inv olves creation of a new thread

of activity .

12

The linguistic symbiosis in RbCl is realized with the metalevel architecture of RbCl.

F or example, the forking of the thread of activity is programmed in the meta-level as an

co ordinating action of the RbCl meta-level ob jects. In fact, b oth RbCl ob jects and C++

ob jects interdependently comprises the meta-level architecture of RbCl itself, allowing (1)

e�cient implementation of the RbCl language and also (2) enables the use of external

systems (e.g., window systems and database system, etc.) via the C++ ob jects acting as

an interface. F urthermore, linguistic symbiosis allows the programmer or the compiler to

replace a RbCl ob ject with an ob ject co ded in C++ with the same b ehavior.

Implementation of symbiosis in the meta-level intro duces circular interdependency in

the system, since it is the meta-level architecture of RbCl that enables the symbiosis of

RbCl ob jects and C++ ob jects in the �rst place. W e can show that this circularity is

not a vicious one, howev er. In fact, the initial construction of the default RbCl meta-

level system is designed so that ob jects communicate with each other only via the now

type message passing. T ogether with the fact that all meta-level ob jects are initially

C++ ob jects of the same b ehavior, this allows all message passings b etween ob jects to

b e directly realized with direct virtual function call for high e�ciency

. Only when a

RbCl ob ject is intro duced into the meta-system, the lazy instantiation of meta-meta-level

supp ort for interlingual communication in the meta-level b ecome necessary .

5 Conclusion

W e have categorized and reviewed several OOCR architectures, mainly from our past and

present works. Research in OOCR architectures has only yet to reveal only a p ortion of

their p ower so far, and the p ossibilities they o�er in construction of a clean and malleable

systems are b eing actively investigated in many places. The past two ACM OOPSLA

workshops on Re ection and Metalevel Architectures in Ob ject-Oriented Programming[8,

9] have collected nearly 30 pap ers p er year, and each pap er therein addressed numerous

issues and ideas of ob ject-oriented re ection with resp ect to programming language design,

system architecture, theory

, and implementation.

In conclusion, we feel that works in OOCR languages should have strong emphasis on

the architectural issues, for it is not the language itself but the language architecture that

would contribute the most in solving the problems in practice.

References

[1] Gul Agha. ACTORS: A Model of Concurr ent Computation in Distributed Systems.

The MIT Press, 1986.

[2] Peter C. Bahrs. On Re ection in Ob ject-Oriented Heterogeneous Environments for

Concurrent Pro cessing. In Pr o c e e dings of the OOPSLA’91 Workshop on Re e ction

and Metalevel Ar chite ctur es in Object-Oriente d Pr o gr amming, Octob er 1991.

[3] Christopher Burdorf and Jed Marti. Non-Preemptive Time W arp Scheduling Algo-

rithm. Op er ating Systems R eview, 24(2):7{18, April 1990.

13

[4] Pierre Cointe. Metaclasses are �rst class. In Pr o c e e dings of OOPSLA’87, volume 22,

pages 156{167. SIGPLAN Notices, ACM Press, Octob er 1987.

[5] Jacques F erber. Conceptual re ection and Actor languages. In Pattie Maes and

Daniele Nardi, editors, Meta-L evel Ar chite ctur es and R e e ction, pages 177{193.

North-Holland, 1988.

[6] Jacques F erber. Computational re ection in class-based ob ject-oriented languages.

In Pro c e e dings of OOPSLA’89, volume 24, pages 317{326. SIGPLAN Notices, ACM

Press, Octob er 1989.

[7] Brian F oote. Ob ject-oriented re ective metalevel architectures: Pyrite or panacea?

In Pr o c e e dings of the ECOOP/OOPSLA’90 Workshop on R e e ction and Metalevel

Ar chite ctur es in Object-Oriente d Pr o gr amming, Octob er 1990.

[8] Mamdouh Ibrahim, editor. Pro c e e dings of the ECOOP/OOPSLA’90 Workshop on

Re e ction and Metalevel Ar chite ctur es in Object-Oriente d Pro gr amming, Octob er

1990.

[9] Mamdouh Ibrahim, editor. Pro c e e dings of the OOPSLA’91Workshop on Re e ction

and Metalevel Ar chite ctur es in Object-Oriente d Pr o gr amming, Octob er 1991.

[10] Y uuji Ichisugi, Satoshi Matsuok a, T akuo W atanabe, and Akinori Y onezawa. An

ob ject-oriented concurrent re ective architecture for distributed computing environ-

ments. In Pro c. 29th Annual Al lerton Confer enc e on Communic ation, Contr ol and

Computing, Allerton, Illinois, Octob er 1991. (T o App ear).

[11] Y utak a Ishik awa. Re ection facilities and realistic programming. SIGPLAN Notic es,

26(8):101{110, August 1991.

[12] Y utak a Ishika wa and Hideaki Ok amura. A New Re ective Architecture: AL-1 Ap-

proach. In Pr o c e e dings of the OOPSLA’91 Workshop on R e e ction and Metalevel

Ar chite ctur es in Object-Oriente d Pr o gr amming, Octob er 1991.

[13] David R. Je�erson. Virtual Time. ACM T r ansactions on Pro gr amming L anguages

and Systems, 7(3):404{425, July 1985.

[14] Gregor Kiczales, Jim des Rivi� eres, and Daniel G. Bobrow. The Art of the Metaobje ct

Proto c ol. The MIT Press, Cambridge, Massach usetts, 1991.

[15] Pattie Maes. Concepts and exp eriments in computational re ection. In Pro c e e dings

of OOPSLA’87, volume 22, pages 147{155. SIGPLAN Notices, ACM Press, Octob er

1987.

[16] Pattie Maes. Issues in computational re ection. In Pattie Maes and Daniele Nardi,

editors, Meta-L evel Ar chite ctur es and R e e ction, pages 21{35. North-Holland, 1988.

[17] Satoshi Matsuok a, T akuo W atanab e, and Akinori Y onezawa. Hybrid group re ective

architecture for ob ject-oriented concurrent re ective programming. In Pro c e e dings

of ECOOP’91, number 512 in Lecture Notes in Computer Science, pages 231{250.

Springer-V erlag, 1991.

14

[18] Satoshi Matsuok a and Akinori Y onezaw a. Metalevel solution to inheritance anomaly

in concurrent ob ject-oriented languages. In Pro c e e dings of the ECOOP/OOPSLA’90

Workshop on R e e ction and Metalevel Ar chite ctur es in Obje ct-Oriente d Pr o gr am-

ming, Octob er 1990.

[19] Je� McA�er. A uni�ed distributed simulation system. In Pr o c e e dings of the 1990

Winter Simulation Conferenc e, pages 415{422, New Orleans, LA, Decemb er 1990.

[20] Je� McA�er. V ariably Asynchronous, Re ective T asks in Smalltalk. In Pro c e e dings

of the OOPSLA’91 Workshop on Re e ction and Metalevel Ar chite ctur es in Object-

Oriented Pro gr amming, Octob er 1991.

[21] T atsuo Minohara and Mario T okoro. Multiple meta-ob jects supp ort an ob ject. In

Pro c e e dings of the ECOOP/OOPSLA’90 Workshop on R e e ction and Metalevel Ar-

chitectur es in Object-Oriente d Pr o gr amming, 1990.

[22] Ramana Rao. Implementational re ection in Silica. In Pr o c e e dings of ECOOP’91,

number 512 in Lecture Notes in Computer Science, pages 251{267. Springer-V erlag,

July 1991.

[23] Brian C. Smith. Re ection and semantics in Lisp. In Conferenc e Re c or d of the ACM

Symposium on Principles of Pro gr amming L anguages, pages 23{35. ACM Press, 1984.

[24] Brian C. Smith. What do you mean, meta? In Pr o c e e dings of the

ECOOP/OOPSLA’90 Workshop on R e e ction and Metalevel Ar chite ctur es in Object-

Oriented Pro gr amming, Octob er 1990.

[25] Symbolics Inc. Genera User’s Guide, 1990.

[26] T omoyuki T anak a. Actor-based re ection without meta-ob jects. T echnical Rep ort

R T-0047, IBM Research, T oky o Reserach Lab oratory

, August 1990.

[27] Chris T omlinson and Vineet Singh. Inheritance and synchronization with Enabled-

Sets. In Pro c e e dings of OOPSLA’89, volume 24, pages 103{112. SIGPLAN Notices,

ACM Press, Octob er 1989.

[28] F rank v an Harmlen. A classi�cation of meta-level architectures. In Abramson and

Rogers, editors, Meta-Pr o gr amming in L o gic Pr o gr amming, chapter 5, pages 103{122.

The MIT Press, 1989.

[29] T akuo W atanabe and Akinori Y onezaw a. Re ection in an ob ject-oriented concur-

rent language. In Pr o c e e dings of OOPSLA’88, volume 23, pages 306{315. SIGPLAN

Notices, ACM Press, Septemb er 1988. (Revised version is in [33]).

[30] T akuo W atanab e and Akinori Y onezaw a. An actor-based metalevel architecture for

group-wide re ection. In Pro c e e dings of the REX School/Workshop on F oundations

of Object-Oriente d L anguages (REX/FOOL), Noor dwijkerhout, the Netherlands, May

1990. (Also in num b er 489 in Lecture Notes in Computer Science. Springer-V erlag,

1991).

15

[31] Y asuhiko Y okote, Atsushi Mitsuzawa, Nobuhisa F ujinami, and Mario T okoro. Re ec-

tive ob ject management in the Muse op erating system. In Pro c e e dings of the IEEE

International Workshop on Obje ct-Orientation in Oper ating Systems, pages 16{23.

IEEE Computer So ciety Press, 1991.

[32] Y asuhiko Y ok ote, F umio T eraok a, and Mario T ok oro. A re ective architecture for an

ob ject-oriented distributed op erating system. In Stephen Co ok, editor, Pr o c e e dings

of ECOOP’89, pages 89{106. Cambridge University Press, 1989.

[33] Akinori Y onezaw a, editor. ABCL: An Obje ct-Oriente d Concurr ent System. Computer

Systems Series. The MIT Press, 1990.

[34] Akinori Y oneza wa and T akuo W atanab e. An introduction to ob ject-based re ective

concurrent computations. In Pr o c e e dings of the 1988 ACM SIGPLAN Workshop on

Object-Base d Concurrent Pro gr amming, volume 24, pages 50{54. SIGPLAN Notices,

ACM Press, April 1989.

16