Ob ject-Based Concurrent Programming

and Distributed Arti�cial Intelligence

Les Gasser

Computational Organization Design Lab

Institute of Safety and Systems Management

USC, Los Angeles, CA 90089-0021

(213) 740-4046; gasser@usc.edu

Jean-Pierre Briot

LITP

, Universit � e Paris VI, 4 Place Jussieu

75252 Paris CEDEX 05, F rance

+33 (1) 44 27 40 55; briot@litp.ibp.fr

in \Distribute d Arti�cial Intel ligenc e: Theory and Praxis," e dite d by N.M. Avouris and

L. Gasser, p ages 81{107, Kluwer, 1992.

Abstract

This pap er presents some asp ects of our studies of the conceptual and implementation rela-

tionships b etween Ob ject-Based Concurrent Programming (OBCP) and Distributed Arti�cial

Intelligence (DAI). The basic argument of this pap er is that to implement DAI systems we

should �nd complementary relations b etween the theory of so cial organization chosen for DAI

problem-solving and the theory of mo deling and implementation used for system construc-

tion. T o clarify the nature of this relationship, we draw on a number of so cially-motivated

DAI exp eriments. The underlying so cial theories used in these exp eriments were derived from

symbolic interactionism, while mo deling and implementation theories had ro ots in OBCP .

Starting from these exp eriments, we continue on to discuss the relevance of OBCP as a basis

to construct DAI systems. W e then discuss how to enhance OBCP to b etter provide multi-

lay ered OBCP/DAI architectures. While this research is preliminary

, we exp ect it to help

clarifying the foundations and the design of future DAI platforms.

1 Intro duction

There has b een signi�cant discussion over the past several years ab out connections

b etween research issues and practical techniques in the Ob ject-Based Concurrent Pro-

gramming (OBCP) and the DAI communities [Bond and Gasser 88a, F erb er and Carle

92, Gasser et al. 87, Gasser and Huhns 89, T okoro and Ishik awa 84, Y oneza wa 90].

Distributed AI has b een concerned with representation, reasoning, and co ordination

in collections of computational \agents." Ob ject-Oriented Concurrent Programming

is based on the notion of active and autonomous ob jects which are computing concur-

rently and which interact by exchange of messages. OBCP is directed towards problems

of running large and complex programs e�ciently on multiprocessors. The concepts

of autonomous ob jects and message passing would seem intuitiv ely and practically to provide a go o d foundation to describ e and implement co ordinating agents.

This pap er presents some asp ects of our ongoing studies of the conceptual and im-

plementation relationships b etween Ob ject-Based Concurrent Programming (OBCP)

and Distributed Arti�cial Intelligence (DAI). It discusses the basic issues p ersp ectives

of DAI research relative to OBCP

, and treats several practical issues of implementing

DAI systems. Our aim is to discover ways to improve the relationship b etween OBCP

and DAI, in two ways. First, we would like to make OBCP more relev ant to DAI prob-

lems, by incorp orating into OBCP sp eci�c representation and computing structures

driven by DAI needs. Second, we would like to improv e the structure and precision of

DAI implementation approaches by resting them on the implementation structures of

OBCP which are b etter-understo o d b oth formally and practically .

The structure of this pap er is as follows. First we introduce a picture of DAI as a set of

problems of representation and control. These problems drive the need in DAI for im-

plementation structures and engineering metho dologies. Next, we conceive the problem

of DAI implementation as the interaction of tw o complementary theories: a the ory of

social organization which describ es how agents co ordinate and evolv e, and a the ory of

modeling and implementation which describ es how to represent and compute evolving

structures of agents and their communities. Our original exp eriments with so cially-

motiv ated DAI and our approaches to integrating these tw o theories are describ ed, and

we discuss how b etter mo deling and implementation theories now emerging in OBCP

can assist the integration pro cess.

1.1 DAI: Representation and Control Problems

Distributed AI has fo cused on the problems of representing and reasoning ab out col-

lective, co ordinated activity among groups of large-grain agents. Each agent, and the

communit y of agents as a whole, emb o dies a pro cessing architecture that re ects either

a descriptive theory of human problem-solving and cognition, or a normative high-level

approach to problem-solving. That is, DAI is concerned with representing and mo del-

ing pro cesses of problem-solving at b oth individual and so cial levels, using computa-

tional metho ds. DAI researchers are esp ecially interested in mo deling problem-solving

in which c ontr ol de cisions (decisions ab out what reasoning or problem-solving actions

to take next) and repr esentation decisions (decisions ab out how to form, stabilize, and

utilize signi�cant concepts) are taken dynamically by a community of agents itself,

rather than by programmers. T o do this, DAI research has addressed �ve basic issues.

These �ve problems are inherent to the design and implementation of any system of

co ordinated problem solvers, and thus provide in part a set of foundational questions

for DAI implementation platforms. The problems include

1

:

� How to formulate, describ e, decomp ose, and allo cate problems and synthesize

results among a group of intelligent agents.

1

See also [Gasser 92] in this volume and [Bond and Gasser 88a, Gasser and Hill 90] for more detail.

� How to enable agents to communicate and interact: what communication lan-

guages or proto cols to use, and what and when to communicate.

� How to insure that agents act coherently in making decisions or taking action,

accommo dating the nonlo cal e�ects of lo cal decisions and avoiding harmful in-

teractions.

� How to enable individual agents to represent and reason ab out the actions, plans,

and knowledge of other agents in order to co ordinate with them; how to reason

ab out the state of their co ordinated pro cess (e.g., initiation and termination).

� How to recognize and reconcile disparate viewp oints and con icting intentions

among a collection of agents trying to co ordinate their actions.

Solving these problems in a fundamental way is quite complicated. Some of the basic

DAI issues (e.g., some problems of disparate representations or of task and resource

allo cation) can b e designed aw ay in a carefully engineered DAI system. Still, most

theoretical and exp erimental approaches to them give only a partial account of multi-

agent collab oration, b ecause they hav e not grappled with several other even more basic

issues|issues such as practical bases of shared knowledge, semantics, and assumptions,

reasoning under inconsistency or incompatible representations, etc. [Gasser 91]. Virtu-

ally all current approaches to these problems dep end up on common interagen t seman-

tics with at most one or two meta (i.e., re ective or contextual) levels, corresp ondence

theories of representation and b elief, global measures of coherence, and the individ-

ual agent as the unit of analysis and interaction. Most DAI exp eriments and theories

dep end up on closed-system assumptions such as common communication proto cols, a

shared global means of assessing coherent b ehavior, some ultimate commensurability

of knowledge, or some b oundary to a system. These current theories are inadequate

for supp orting the integration of heterogeneous systems with p ossibly-incompatible in-

ternal semantics (e.g. Hewitt’s \microtheories" [Hewitt 91]). Moreov er, approaches

based on common interagen t semantics are incomplete from a theoretical standp oint

[Gasser 91]. All of these issues hav e impacts on the structure and capabilities of im-

plementation platforms and development metho dologies for DAI.

1.2 DAI: Implementation Problems

Along with problem-solving frameworks for DAI, there is a set of practical issues that

must b e addressed to build and exp eriment with DAI systems and theories. W e can

summarize them as two more key issues:

� What are the appropriate implementation to ols, languages, shells, and platforms

for DAI research, exp erimentation, and development?

� What are appropriate metho dologies, design techniques, and engineering prac-

tices for building DAI systems?

In attempts to integrate problem-solving and implementation approaches, numerous

technology platforms for DAI hav e b een built. These include testb eds such as the

DVMT [Durfee et al. 87b] and MACE[Gasser et al. 87a]; integrative systems such as

ABE [Erman et al. 88], and blackboard or distributed blackb oard systems such as

GBB [Corkill et al. 86], BB1 [Hay es-Roth 85], CAGE/POLIGON [Nii et al. 89], etc.

In addition, OBCP languages and programming environments hav e b een suggested

as a promising implementation technology for DAI systems, and a num b er of OBCP

languages have b een expressly designed, in whole or in part, to accommo date the

needs of knowledge-based systems and automated reasoning (e.g., ACTORS [Agha 86],

ABCL/1 [Y oneza wa 90], MERING-IV [F erber and Briot 88, F erber and Carle 92],

ORIENT84/K [T ok oro and Ishik aw a 84]). Still, few implementation platforms have

b een characterized in relation the so cial theory used in problem-solving. Esp ecially

useful would b e general (programming-language and system-level) relationships that

link so cial DAI theories with appropriate implementation structures. On the whole,

from a language design and system op eration p ersp ective, none of these implemen-

tation approaches has yet provided adequate means for expressing solutions to the

key problems faced by DAI theorists and system designers. In particular, none of the

OBCP systems provides an adequate platform for the principled construction of DAI

systems that takes into account the several basic issues of DAI stated ab ove. T o ad-

dress these core problem-level issues, implementation platforms would b est b e driven

by well-developed theories of agent interaction, organization, and aggregation. Steps

hav e b een taken in this direction, including:

� The Contract Net system which linked a market-lik e task sharing mechanism to

a communication proto col language [Davis and Smith 83].

� Agent-orien ted programming, with its implementation of structures of commit-

ment and sp ecialized interaction proto cols based on sp eech acts [Shoham 90].

� Integrated goal-directed and data-directed control in the DVMT and BB1 systems

[Hay es-Roth 85, Lesser 83] that link lo cal and global problem-solving coherence

goals to metalevel reasoning structures in an architecture.

� Acquaintance mo deling for system integration and organization in the MACE

system [Gasser et al. 87a] (see b elow).

How ever, the implementation supp ort for addressing these issues has often b een ad-

hoc; there are few clear programming-language and agent-structure features that

directly supp ort theory-driven approaches to interaction or aggregation. While

some researchers have developed interesting formal or substantiv e theories (e.g.,

[Cohen and Levesque 90, Durfee and Lesser 91, Rosenschein 82]) they either haven’t

b een widely implemented, or representations for them have b een created for the pur-

p oses of a particular domain-oriented system only|they are not programming lan-

guages. W e b elieve the time has come to b egin to think carefully ab out the general

implementation structures that supp ort DAI application and research at the program-

ming language and system level, and it app ears that we are not alone in this b elief

[F erber and Carle 92, O’Hare and W ooldridge 92, Shoham 90, Shoham 91, Wittig 92].

1.3 Theories of So cial Organization and of Mo del-

ing/Implementation

The principal motiv ation for the approach we hav e taken is less the need to mo del

or solve particular sets of domain problems, and more our view that DAI to ols and

techniques should have as their basis two underlying theories. The �rst of these is an

underlying theory of so cial or ganization which o�ers a set of so cially-oriented concep-

tual mo dels of the bases of aggregation, interaction, communication, co ordination, etc.

The second of these is a theory of modeling and implementation that can b e used to

bridge the gap b etween the so cially-oriented conceptual mo del and a computational re-

alization. In this pap er we are concerned with the ways in which DAI theories of so cial

organization that attempt to address the representation and control issues mentioned

ab ove (Section 1.1) drive requirements for DAI theories of mo deling and implementa-

tion.

F or us, the so cially-oriented conceptual mo del derives from symbolic-interactionist

so ciology (e.g., [Mead 34, Blumer 69, Charon 79] and mo dern science studies (e.g.

[Callon 80, Latour 87]). The basic ideas of symbolic interactionism are that:

� The primary units of analysis are inter actions, not individuals.

� Symbols are b oth the means and content of imp ortant interactions. The signi�-

cance and meaning of symbols are in turn established through interaction.

� Individuals are dynamic and evolving agents with many comp onents, not stable,

structured, unitary p ersonalities.

� The many context-dependent, contin uously-evolving selves of an individual are

shap ed via dynamic selection and interpretation (as symbols) of stimuli in inter-

action.

� Actions are guided (but not determined) by persp e ctives, which are learned

through communic ation.

� Society comprises individuals in pr o c esses of patterne d interactions, embedded in,

and alwa ys (re-)creating, p ersp ectives.

The relevan t themes of science studies include the so cial construction of knowledge and

of \facts," the dynamic, lo cally-adapted nature of knowledge, the idea of knowledge as

patterns of action, rather than as physical law, etc.

A theory of mo deling and implementation describ es how to address each of these prob-

lems with sp eci�c description and programming mechanisms. OBCP provides us with

the foundations for a theory of mo deling and implementation.

1.4 OBCP as a Mo deling and Implementation F oundation

for DAI

A key issue in that di�erentiates DAI theorizing and the mo deling and implementation

theories in OBCP research worlds is great v ariance in the explicitness and completeness

of the fo cal phenomena of interest to researchers. F or example, in the OBCP arena,

which is closer to programming research, there are several widely-shared and clearly

delineated fo cal phenomena with relatively clear historical ro ots - the communicating

entities, messages, etc. mentioned ab ove. But these hav e muc h less substantive context

or content than the fo cal phenomena in DAI. The theories of problem solving and

so cial organization that they emb o dy place the largest part of the burden of de�ning

interaction, control, synchronization, etc., on the designer who mo delizes the problem,

and on the programmer who implements its solution. The fo cal phenomena in the

DAI arena (e.g., mo delizations of co ordination and coherence activities|the theories of

so cial organization) are much less clearly de�ned or shared among researchers, but those

that exist have muc h greater substantiv e conten t than their counterparts in OBCP .

This creates a di�cult-to-bridge gap b etween the implementation and mo delization

re quir ements of DAI systems, and the implementation and mo delization facilities and

techniques provided by OBCP

. The basic questions for integrating the two theories are

1) how to squeeze the DAI problem content into the OBCP mo delization framework,

and 2) how to accommo date the highly-structured OBCP representational machinery

into relatively ad-ho c DAI implementation structures.

1.5 OBCP Concepts

Ob ject-Based Concurrent Programming has emerged as one of the leading high-level

programming paradigm for building distributed concurrent systems. The success and

the further promises of OBCP come from its natural ability to describ e computa-

tion as concurrent and communicativ e entities. The general nature of the concepts

of entity and message-b ase d communic ation lays ground to expand the versatilit y

of OBCP . F or example OBCP ob jects can mo del very �ne entities such as neurons

[W eitzenfeld and Arbib 90], or large comp onents of exp ertise such as found in large-

grained multi-agent systems (e.g., MACE [Gasser et al. 87a]).

The uniformity of communication mechanism plus the concept of encapsulation en-

able combination and co op eration of v arious levels and grains of agents. This helps

constructing multi-grain intelligent architectures such as the architecture for brain sim-

ulation describ ed in [W eitzenfeld and Arbib 90]. Consequently OBCP has already b een

recognized as a p otentially natural and useful basis for building DAI systems.

Ob jects and message passing provide some go o d structural and computational founda-

tions for describing DAI agents and their communication proto cols. Ob jects are indeed

agents, but they don’t match the whole sp ectrum of DAI requirements. Current ap-

proaches to OBCP provide some supp ort for DAI without really providing the needed

bridge b etw een DAI theory and implementation. T o make this more clear, we will

quickly summarize the main OBCP concepts.

OBCP consists in describing communic ating active entities:

� An entity, called object, represents some exp ertise, which could b e further de-

scrib ed in terms of knowledge ab out other ob jects, called acquaintanc es, and

skills, called methods, which are pro cedures asso ciated to the ob ject.

� Communication is the means of interaction b etween ob jects. This consists in

message p assing, that is an ob ject may send and receive informations, called

messages, to other ob jects. The basic proto col is for an ob ject to send a re-

quest for some skill to one of its acquaintances. (Note that new acquaintances

may b e communicated through message passing, allowing recon�guration of its

knowledge). This will trigger the activ ation of one of the metho ds of the receiver,

with the arguments convey ed in the message. Communication b etween two ob-

jects may include their synchronization, for instance if some results are needed

to resume the computation.

� Each ob ject is active in that it owns its computation p ower. Consequently ob jects

may compute indep endently which brings c oncurr ency b etw een the ob jects.

These concepts form the core of OBCP paradigm. In order to structure and factorize

the knowledge b etween ob jects, abstraction (classes) and sharing-mechanisms (such as

inheritance b etw een classes) may b e added

2

. V arious OBCP programming languages

hav e b een and are still b eing prop osed. The di�erences b etween them come from di�er-

ent design decisions along main tradeo� issues and the di�erent classes of applications

and hardware architectures targeted.

W e may include (sequential) OOP systems into the OBCP paradigm as a restricted

case of OBCP

. (OBCP ob jects could b e considered in turn as \degenerate" agents).

W e b elieve that hybrid multi-gran ularity OBCP architectures, which mix OOP serial

computation with OBCP concurrent computation, are the b est appropriate for building

DAI platforms, where the main concurrency is often restricted to concurrency b etween

agents. The uniformity of a concurrent foundation such as actors is very app ealing but

makes it more di�cult to implement and program on current hardware and softw are

technology

. In that resp ect we feel closer to hybrid OBCP platforms such as ABCL/1

[Y onezaw a 90].

2

These concepts are widely accepted and considered as key-concepts in (sequential) Ob ject-

Oriented Programming (OOP) languages communit y . But their incorp oration into OBCP is currently

a fo cus of debate in the OBCP research community

, b ecause concurrency and moreover distributed

implementation make standard OOP sharing techniques partially inaccurate. The problems include

including dealing with inheritance in a distributed environment, description versus execution con-

sistency

, dynamic distribution and load balancing, and comp osition of multiple concurrent ob jects

[Briot and Y onezawa 87, Gasser et al. 87a]. Consequently we don’t list them as key concepts here.

Moreover, this is the reason why the term \Ob ject-Based Concurrent Programming," which makes

no reference to class and inheritance concepts, is often used in place of \Ob ject-Oriented Concurrent

Programming".

1.6 OBCP Inv estigations Hav e DAI Relev ance

A num b er of OBCP inv estigations have included sp ecial fo cus on the articulation b e-

tw een OBCP and DAI technologies. These are our primary reference p oints.

The ACTOR computation mo del [Agha 86] is the �rst and one of the main OBCP

formalisms. ORGs [Hewitt and Inman 91] are currently b eing prop osed as an organi-

zational lay er to b e implemented using actors. UBIK [deJong 90] is another mo del of

organizations implemented on top of an Actor system (the PRACT/ACORE system

[Manning 87]). [deJong 90b] discusses its relations with ACTORS.

ORIENT84/K [T ok oro and Ishik aw a 84] provides an integration b etween OBCP as-

p ects and logic-based asp ects of a programming language. Knowledge Ob jects (KOs)

are the result of combining a b ehavior part (variables and metho ds) and a knowledge

part (facts and rules).

The MACE system [Gasser et al. 87a, Gasser et al. 87b] provides a testb ed for DAI

architectures which was one of the �rst systems to truly run in a distributed memory

and pro cessing implementation (on a multicomputer network comprising an iPSC Hy-

p ercub e, a Sequent Symmetry

, and Sun workstations). Parts of the MACE architecture

are based on OBCP and MACE includes symbolic representations of other agents as

well as aggregation concepts (or ganizations) [Gasser 89b, Gasser et al. 87a].

[Maruichi 90] discusses what concepts have to b e added to OBCP in order to mo del

co op erative autonomous agents, namely facilities for autonomy and organization. Note

that the mo del of organization Maruichi prop oses has more to do with a shared com-

munication medium (to broadcast messages to a group) than a general mo del of orga-

nization.

Situated conversation theory is prop osed in [Numaok a and T okoro 90] as a mo del of

interaction b etween agents, based on OBCP ob jects. Conversational proto cols are

based on sp eech act theory

. Situated conversation theory is suggested as a wa y to help

av oid deadlo cks and for agents to mutually construct their own co ordination proto col.

COMMAS [Bouron 91] is a communication mo del for DAI. It is based on OBCP aug-

mented with principles based on sp eech-act theory and co op erative principles (gen-

eral b ehaviors observed in natural language dialogues). Communication is exchanged

b etween agents by asynchronous messages. The messages describ e b eliefs and goals

including commitments and generate new b eliefs and goals.

Agent-orien ted programming [Shoham 90, Shoham 91] is another prop osal for extend-

ing ob jects tow ards agents by adding concepts of mental state, intentional commu-

nication (also based on sp eech act theory), and rule-governed b ehavior, and thus by

restricting the b ehavior of ob jects in accordance with a theory of interaction.

The MERING-IV [F erb er and Briot 88] language has b een sp ecially designed for DAI

purp oses. Higher-level concepts such as classes and slots are built up from basic actors.

MERING-IV uses a multi-lay ered architecture [F erber 88], with re ection b eing used

as a glue and bridge b etween lay ers [F erber and Carle 92].

The MAGES [Bouron et al. 90] multi-agen t system has b een built on an OBCP envi-

ronment: an extension of Smalltalk called ACT

ALK [Briot 89, Lescaudron et al. 91].

MAGES extends ACT

ALK into a platform for simulating v arious DAI architectures.

The architecture of MAGES is incremental, based on OBCP

, and built-up step by step

through higher-level classes. These classes extend the notion of instance v ariables into

slots, base the b ehavior of agents on their inference cycle, and provide environmen ts

to mo del a shared p erceptive space (usually top ological) b etw een several agents.

REACT

ALK, also based on ACT

ALK, provides a re exive architecture of an OBCP

system [Giroux and Senteni 91]. The b ehavior of an REACT

ALK actor is decomp osed

into an organization of other actors (that is as opp osed to most of re exive OBCP

mo dels, a meta-ob ject is not a single ob ject, but distributed among v arious p ersp ec-

tives/ob jects). This re exive architecture is used for b ehavior simulation with a sp e-

cial fo cus on adaptation through introspection. High-level agents are mo deled along

F reudian description of self as an organization of three internal actors (duty

, actual

b ehavior, and will). These actors are themselves mo deled as organizations of actors.

In the REACT

ALK mo del, there is no gap b etween actor and agent, only recursive

organizational levels.

2 Case Studies of So cially-Motiv ated DAI

By the early 1980s existing DAI research had shown that the concept of co ordinated

problem solving was feasible and interesting. During the same p erio d, a num b er of crit-

ical studies had emerged that b egan to seriously investigate the micro- and mid-level

so cial asp ects of computing in organizations. Concurrently

, technologies for computer-

supp orted co op erative work b egan to app ear. It was clear to some groups of researchers

that an imp ortant set of related issues was b eginning to app ear. These concerned 1)

the prescriptive and theoretical asp ects of intelligent problem solving in aggregates

(from DAI and concurrent computing) and 2) the descriptive, analytical and practical

asp ects of systems that involved p eople and machines working together with exible,

dynamic divisions of lab or (from so ciology

, human-tec hnology studies and computer-

supp orted co op erative work) [Bendifallah et al. 88]. F or several researchers who had

work ed across these disciplines, intellectual to ols derived from symbolic interactionism

prov ed useful in conceptualizing the problems of dynamic divisions of lab or and of

knowledge-lev el description of joint activity

. In particular, at USC, over a number of

years, we have pursued our study of DAI and of the to ols and techniques for construct-

ing DAI systems from a direction that stresses the relationship b etween DAI theory

(esp ecially theories of aggregation and organization) and DAI implementation. W e

b egan to think ab out how to build an implementation structure for DAI systems that

would allow us to capture some notions of organization and interaction motiv ated by

ideas from symb olic interactionism and science studies.

The collection of DAI case studies that we have pursued gives a framework of exp erience

which we draw up on to think ab out the structure of mo deling and implementation

theories for DAI systems. >F rom the b eginning, these implementations hav e b een

partly based on OBCP concepts. W e discuss these exp eriences to help highlight the

Figure 1: An Approach to DAI

Figure 2: MACE Agents

relationships b etween OBCP-based mo deling/implementation theories in general, and

so cially-oriented DAI theories.

2.1 So cially-Motiv ated DAI and the MACE testb ed

Our so cially-motiv ated approach to DAI is illustrated schematically in Figure 1. The

key ideas on which we b egan to base DAI systems structure and implementation are the

following. (Brief p ointers to the particular pro jects and writings in which we explored

these ideas in the context of DAI are noted after each item b elow.)

� The notion of modeling other agents as the key integrating mechanism for organi-

zational and co ordination pro cesses. This idea was drawn from Mead’s theory of

the uni�cation of self and so ciety through the pro cesses of \taking the role of the

other" and re exive self-identit y [Mead 34]. It was re ected in the MACE system

as the acquaintance structure that was a part of all agents. (See Figure 2.) (See

[Gasser et al. 87a] and the OSD approach and exp eriments [Ishida et al. 92]).

� The idea that DAI systems should b e multi-agent, p ossibly human-machine ag-

gregates at all levels, which led to the approach of using the help of a community

of system agents for constructing and interacting with a DAI system. (MACE

[Gasser et al. 87a]; see Figure 3).

Figure 3: System Agents Interact with User Agents

Figure 4: Contract Net Mo deled as a MACE Organization

� The idea that long-term problem-solving pro ceeded through a series of \frozen

accidents" that b ecame embedded, rei�ed, and aggregated into stable structures

of action and interaction (Studies of organizational integration (OI) [Gasser 86]

and organizational knowledge (ORGKNOW) [Gasser et al. 89].)

� The idea of organizations as stable, overlapping, and nested patterns of action

and knowledge|as patterns of settled and unsettled questions|rather than or-

ganizations as �xed structures of resp onsibility

, communication, or control. F or

example, the MACE notion of organization was captured in the knowledge agents

had ab out each other. The b oundary of an organization was simply the b oundary

of knowledge ab out how and when to include other agents in particular problem-

solving pro cesses. The MACE representation of a single no de of a contract net

[Davis and Smith 83], for example was a four-agent aggregate in which each agent

had highly restricted knowledge of with whom to interact (see Figure 4). Simi-

lar notions were used in the OSD exp eriments. (MACE, ORGKNOW and OSD

[Gasser et al. 89, Ishida et al. 92].)

� The observ ation that so cial activity is inherently a multi-persp ective pro cess, and

that disparities can o ccur at any level of description or context from many dif-

ferent p oints of view simultaneously

. Hence, pro cesses in practical DAI systems

will b e sub ject to observational and organizational dynamism and incongruity

(OI, MACE, ORGKNOW, and OSD [Gasser 86, Gasser et al. 89, Gasser 91,

Gasser 92].)

Figure 5: MACE System Structure

� The ideas that the lo ci of action and knowledge in so cial systems are dynamically

aggregated units, that aggregation must b e mo deled across numerous levels and

from numerous p ersp ectives simultaneously

, and that in e�ect, agents can b e

construed as emerging from interactions, rather than vice-versa (OSD, [Gasser 92,

Ishida et al. 92].)

� The imp ortance of b oth prescriptive (i.e., targeted for explicit organization de-

sign goals) and exploratory (or emergent) approaches to generating organizational

form and structure (the Organizational Knowledge, OSD, and HITOP-A exp eri-

ments [Gasser et al. 89, Ishida et al. 92, Ma jchrzak and Gasser 92]).

These basic ideas were the pro duct of years of e�ort in many di�erent streams of

thought; they were drawn from and re ected in the work of such other sources as

[Agha 86, Beck er 86, Gerson 76, Hewitt 77, Mead 34, Latour 87, Strauss 78, W eick 79],

and many others.

The MACE system was our �rst attempt to o�er a general bridge b etween DAI theory

of so cial organization and DAI theory of mo deling and implementation. The imple-

mentation structure of the MACE system is shown in Figure 5. MACE was a partial

OBCP system with the goal of b oth introducing true parallelism and allowing for

controlled simulation of concurrent b ehavior. The system structure shown in Figure

5 incorp orated multi-lev el concurrency (multiple pro cessors, multiple op erating sys-

tem pro cesses, multiple LISP pro cesses, multiple MACE kernels, and multiple MACE

agents). Synchronization was p ossible at any layer in the MACE design, the idea

b eing that di�erent concurrency lay ers would allow for di�erent pro cess granularity

and carrying exp erimental synchronization b ehaviors, while maintaining some level of

rep eatability of exp eriments.

As an early DAI-OBCP bridge, the MACE exp eriments were v aluable in de�ning some

of the primary problems to b e faced in later use of OBCP systems for DAI implementa-

tion. There were signi�cant limitations to these exp eriments, how ever. In more recent

work, researchers in OBCP and DAI have b egun to fo cus on a set of common issues

that re ect the theoretical and practical needs of each.

2.2 Limitations of Mo deling and Implementation Approach

While provocative, these exp eriments revealed several limitations. First, the concep-

tions of ob jects, ob ject interaction, and attribute sharing were to o simple to b e useful.

W e faced many of the problems of distributed ob jects (including the distributed inher-

itance, description/execution consistency and dynamic distribution and comp osition

issues noted ab ov e). Second, our attempts at using acquaintance mo deling to capture

Mead’s notion of role-taking were not re exive or dynamic enough, and were not really

well-in tegrated into the basic structure of ob jects. (Later we realized this as a problem

directly linked to the capacity for re ection, now common approach in OBCP

.) Third,

the comp ositional mechanisms of MACE, while prop erly directed at knowledge-based

and communication-based comp osition, (as versus structural comp osition), were not

prop erly integrated across levels; there was a primitive and atomic level of MACE

agent, which was actually quite complex. Finally

, MACE was not well integrated as a

developmen t to ol; it was quite di�cult to actually build and maintain a system using

MACE.

Other exp eriments such as ORGKNO

W and OSD were attempts at conceptual mo del-

ing and p erformance enhancement, rather than at briding the so cial theory|mo deling

theory gap; they relied on ad-ho c implementation mechanisms as well.

3 DAI Theory and Issues Driv e Implementation

Needs

Design requirements of implementation platforms for DAI systems are driven by the

needs for 1) distribution and interaction among problem-solvers, 2) an incremental

developmen t cycle, 3) adv anced programming paradigms which help manage program

and application complexity (which is very high in DAI applications), and 4) to ols

for analysis and visualization of concurrent program b ehavior. These requirements

mean that implementation platforms typically require one or more of the following

capabilities, along with standard features for advanced AI development environments.

OBCP automatically provides supp ort for a number of these. Some others require

deep er thought ab out more basic conceptual issues, such as the nature of ob ject identit y

and referencing, ob ject comp osition and decomp osition, and mutual ob ject re ection.

Encapsulation and Lo cal Control: Both to manage complexity in applications,

and to provide a natural �t to the problems and domain requirements of DAI

systems, ob ject-based paradigms are common. Encapsulation of data and pro-

cedures (which Hewitt calls \arms-length relationships," [Hewitt 86] or \self-

reliance" [Hewitt 91]) provides a natural basis for distribution and exible task

decomp osition. It also creates particular problems of description and execution in

distributed environmen ts (e.g., inheritance) [Gasser et al. 87a, Gasser et al. 87b,

Agha et al. 89]. OBCP automatically provides encapsulation of entities, and re-

cent OBCP prop osals hav e b egun to address more exible controlled sharing of knowledge [F erber and Carle 92]. At a deep er level, encapsulation is directly re-

lated to the conceptual issues of of ob ject b oundaries, identity

, and referencing,

which b ecome signi�cant problems in the context of aggregated ob jects.

Message-Based Communication: T ruly distributed DAI systems require message-

based communications for interaction. This raises several problems for imple-

mentation platforms. Implementations which require consistency and complete-

ness of data and knowledge across problem solvers|the so-called \Completely

Accurate, Nearly Autonomous" (CA/NA) approach [Lesser 81] must cop e with

message delays and asynchrony

, and therefore must incorp orate mechanisms,

such as synchronization lo cks, transaction managers, etc. Even shared-memory

platforms such as blackb oard systems with concurrent pro cessing of knowledge

sources require database consistency mechanisms under the CA/NA problem-

solving assumption [F ennell 77]. Message communication schemes require under-

lying mail-delivery systems, which provide addressing tables, message forward-

ing, and run-time address resolution. In addition, they might supp ort high-level

standardized agent interaction proto cols which implement particular communi-

cations or synchronization architectures in the form of �xed sets of messages

[Gasser 89b, Shoham 91].

OBCP languages generally provide message-based communication, and are b egin-

ning to integrate higher-level proto col constructs and the ability to exibly adapt

proto cols via re ection [F erber and Carle 92, W atanab e and Y onezaw a 88].

At a deep er level, message-based communication is related to encapsulation and

to identity and referencing of ob jects, since messages must b e directed to a re-

ceiver, and must b e acted up on by an interpreter, which may itself b e an aggregate

(cf. [Giroux and Senteni 91]).

Heterogeneous Multi-Grain Ob jects: Agents or ob jects may exist at di�erent lev-

els and typ es of granularit y in a DAI system, so an implementation platform must

address the issues of mapping ob jects to pro cessor-memory pairs for appropriate

resource utilization and load balancing. Most existing developmen t platforms

either make no assumptions ab out ob jects of v arying grain size, or assume that

most ob jects will have fairly uniform and stable grain size, so that resource allo ca-

tion is straightforward. F or reasons of exible system design and recon�guration,

run-time expansion/contraction of ob jects, and exible ob ject comp osition im-

plementation platforms should b e designed to explicitly consider the grain size

of ob jects.

Beyond concerns of load-balancing, parallelism, and p erformance, agents in DAI

systems must b e conceptually mo deled as collections of ob jects at several si-

multaneous levels of granularit y , to re ect the natural pro cesses of organization

[Gasser 92, deJong 90].

Flexible implementation supp ort for DAI systems must provide wa ys of integrat-

ing heterogeneous problem-solvers of di�erent granularity

. Along with providing

a collection of knowledge representation and reasoning to ols, a DAI system should

provide a mechanism for integrating results from di�erent problem-solving pro-

cesses, and of con�guring the interaction among problem-solving no des. This is accomplished most easily with standard interface proto cols, but the proto cols

must b e designed to re ect the imp ortance of the 5 basic DAI problems intro-

duced ab ove.

At a deep er level, heterogeneity and multi-granularity are also problems of ref-

erencing, activity

, identity

, and comp osition, since heterogeneity may arise from

alternative comp ositions or aggregations of ob jects.

Language Supp ort for Flexible Organization and Interaction Structures:

T o maximally exploit concurrency

, as well as to provide for exible re-

con�guration of the interactions among ob jects in a DAI system, higher-

level mo dules may b e comp osed of lower-lev el ob jects which are them-

selves capable of lo cal co ordination. The approach to design may b e either

r e ductionist/de c omp ositional|explaining and implementing high-level b ehaviors

in terms of lower-lev el concurrency by constraining the b ehaviors of lower-lev el

comp onents|or c onstructionist/c omp ositional|aggregating low er-level concur-

rent mo dules into emergent higher-level structures with emergent b ehaviors,

which may not b e directly derivable from the descriptions of the low er-level mo d-

ules.

At a deep er level, exible organization and interaction are also problems of ref-

erencing, activity

, identity

, and comp osition, since exible organizations accom-

mo date dynamic aggregation and thus encounter dynamic referencing, identity ,

and b oundary issues.

Agent Mo deling: Adaptive co ordination, and esp ecially co ordination with limited

communication, requires the ability to mo del the b ehavior and knowledge of

other agents. Implementation platforms designed for DAI applications should

supp ort the ability to build mo dels of the b eliefs, plans, goals, etc. of other

agents, as well as mo dels of the state of the problem-solving pro cess itself.

At a deep er level, agent mo deling also inv olves problems of referencing, activity ,

identit y , and comp osition, since aggregate agents may refer to mo dels of other

agents which are themselves dynamic aggregates. This of course raises issues of

dynamic referencing, identity

, and b oundaries.

Reusable Shells: Practical DAI systems engineering will require the ability to reuse

abstract descriptions of system comp onents, and to reuse knowledgebases and co-

ordination structures [Wittig 92]. OBCP languages already provide useful struc-

tures for concept and co de reuse, and to the extent these can b e elab orated into

high-level integrative shells, the construction of DAI systems will b e enhanced.

T estb ed and Measurement T ools: Practical construction of DAI systems also de-

mands high-level simulation, measurement, and control environmen ts, and devel-

opment to ols to build and manage large-scale DAI systems. Development of DAI

systems is time and lab or-intensiv e pro cess, made more di�cult by indeterminacy

and concurrency in the actions of agents. While some theoretical mo dels are b eing

adv anced which minimize the e�ects of indeterminacy or allow programmers to

reason explicitly ab out the degrees of uncertaint y or knowledge limitations which

can b e tolerated [Agha 86, Mazer 91], these are presently in early stages of devel-

opment, and hav e not b een emb edded in useful and widely av ailable programming languages or frameworks. The need for controlled exp erimentation b oth for pre-

cision during development, and for p erformance tuning, argue for testb ed-like

implementation platforms, from which p erformance measurements and analyses

can b e drawn [Montgomery 90, Gasser et al. 87a, Lesser 83, Nii et al. 89].

The di�cult problems of shell and testb ed construction involve how to incorp o-

rate supp ort for dynamic analysis of ob ject identity

, comp osition and aggregation,

b oundaries, concurrent ob ject activity

, etc.

4 OBCP and DAI Share Joint Issues

The implementation needs illustrated ab ove are uni�ed by the necessity to grapple

with a core set of issues. Since OBCP provides many wa ys of thinking ab out a number

of these issues, we �nd that OBCP and DAI do have a lot of background in com-

mon. As examples of conv ergence b etw een OBCP and DAI we cite some joint issues

which emerge at conceptual, design, and implementation levels, and which app ear as

comp onents of the implementation needs cited ab ove:

Comp osition/Decomp osition T ransformations: F or purp oses of load balancing,

adaptive reorganization to �t new problem circumstances, (including adaptive

clustering of pro cesses, changes in data sources, etc.), and exible control, it

may b e desirable to change the grain size of agents, and the control and knowl-

edge relationships among agents, during the course of problem solving. This is

only p ossible if the agents themselves are decomp osable or comp osable. Thus,

description languages must b e av ailable which allow for comp osition of agent-

groups from individual agents, and treating agent groups as single agents at

higher levels. Agha and Hewitt call their higher-level comp ositions of actors ac-

tor c on�gur ations. Moreover, it is imp ortant to b e able to view the activities

of individual problem solvers in a group at several levels of analysis. Just as

so cial theorists conceptualize so cial action in numerous levels, such as individ-

ual, small group, organization, so ciety

, and so on, it may b e useful to b e able

to analyze an intelligen t distributed problem-solving pro cess at v arying levels in

vitro (cf. [Parsons51, Gasser and Huhns 89]). This can only b e done using to ols

and analytic techniques which treat and conceive the problem-solving agents at

di�ering levels of granularity

, using observational mechanisms of decomp osition

and aggregation. Much more research needs to b e done to address these comp o-

sitional, decomp ositional, and representational mechanisms, but several existing

approaches can provide suggestive frameworks for implementation.

Comp ositional and decomp ositional transformations hav e b een designed for

OBCP systems and for agents in DAI systems. F or example, [Shibayama 88]

describ es and studies the correctness of merging/splitting concurrent ob jects

in ABCL/1. Ishida and Gasser have studied how to dynamically apply such

transformations on agents in order to reorganize the macroarchitecture of

a DAI system for b etter p erformance, and as a wa y of making conceptual

links to a so cially-motivated theory of multi-agen t interaction [Ishida et al. 92].

The DAI testb ed MACE [Gasser et al. 87a] included representation mecha-

nisms for aggregates of agents called organizations, and suggestions hav e b een

adv anced for decomp osition comp osition mechanisms for pure actor systems

[Agha 86, Hewitt and Inman 91].

Surrogates and Remote Referencing: A representation for higher-level aggre-

gates in actor-based op en information systems called ORG, intro duced in

[Hewitt and Inman 91], includes facilities to maintain b oundaries b etween ORGs

and to handle communications. Actors called insiders and outsiders are used

as representativ es when referencing actors in other ORGs. This mechanism of

remote reference and reference interpretation during communication is the same

mechanism used in distributed (OBCP) implementations for addressing and com-

municating with remote ob jects. (see for instance [Bennett 87]). One corresp on-

dence with the symb olic interactionist-based DAI so cial theory is that the general

mechanism of arbitrary symb olization of actions and ob jects has b een prop osed

as a basis for so cial aggregation and the developmen t of \mind" [Charon 79].

Moreov er, the formation of dynamic aggregates necessitates new views of the

nature of individuality, since units in aggregates may b e entering and leaving,

and any unit may b e participating in multiple aggregates simultaneously (with

\multiple selves") [Gasser 92].

Meta-Level Architectures and Re ection: Meta-level (also called re exive or re-

ective) architectures|those uni�ed architectures in which some part of the ar-

chitecture ob jecti�es, reasons ab out, and in uences some other part|are now

advocated in b oth OBCP systems ([Maes 88], [W atanab e and Y onezaw a 88],

and [F erber 89]) and in some asp ects of DAI systems (e.g., [Hayes-Roth 85,

Durfee et al. 87b, Gasser and Huhns 89]). Re ection is prop osed as a unifying

glue b etween OBCP and DAI levels in [F erber and Carle 92, Gasser 91]. F erber

has suggested a combined mechanism of re ection and delegation for dynamic

up dating of surrogate references in actor-based DAI systems, as a technique to

supp ort dynamic reorganization. One approach uses re ection to decomp ose

the b ehavior of an aggregate actor into organizations of actors and to use this

comp osition/decomp osition mechanism to buildup higher level adaptive agents

[Giroux and Senteni 91]. The issue of mo deling other agents has b een prop osed

b oth as a foundation of DAI (and so cial) theory

, and as a key comp onent of

working DAI systems [Bond and Gasser 88a, Gasser et al. 87a].

T o understand how OBCP can provide structures that underly the DAI implementation

needs, as well as these several issues of common concern, we divide our analysis of

OBCP into several categories, including OBCP’s treatment of communication and

interaction, activity

, state, organization, and identity .

5 Extending OBCP F or Better Integration with

D AI

5.1 OBCP is Insu�cient to Match DAI Requirements

As can b e seen in the previous section, OBCP can provides several bases to mo del

interacting agents. Howev er, b ecause of a design and implementation fo cus at a general-

purp ose programming language level, OBCP deals to o simplistically with the following

p oints:

Communication/Interaction: In OBCP all communication is uniformly done

through message passing. Any kind of message may b e sent. This provides

uniformity but do es not give any explicit information ab out the intention of the

communication, nor do es it supp ort a theory of communication and interaction

linked to a theory of individual or joint problem-solving activities. In the gen-

eral OBCP formulation, it is the programmer who determines the semantics of

messages and the shap e of proto cols, not the community of agents.

Several OBCP languages provide distinction b etween some types of message pass-

ing. (See for instance ABCL/1’s three types of message passing: asynchronous,

synchronous and eager [Y onezawa 90].) But this classi�cation fo cuses on data-

ow and synchronization rather than on the purp ose of communication or its

place in a joint activity .

Activity: Activity of ob jects is p erformed in an in exible and pro cedural way

. Activ-

ity is usually based on implicit message acceptance. When accepting a message,

the metho d to b e p erformed is selected through the name of the message. In

some systems pattern-matching may b e a little less simplistic, in that patterns

may b e more general (e.g., Plasma [Hewitt 77]), the class of the arguments of the

message may b e relevan t in the selection pro cess (e.g., CLOS [Bobrow et al. 90]),

and several metho ds may b e selected and then combined (e.g., CLOS). How ever

the description of the b ehavior of an ob ject still remains very pro cedural, not

declarative.

State: The state of an ob ject is in general conceptually decomp osed

3

into internal

data and references to acquaintances, i.e., other ob jects it may communicate

with. Some systems provide typing information, but there is usually no explicit

description of the acquaintances. One needs to lo ok into the description of the

metho ds of the ob ject to understand the me aning of the acquaintances.

Organization: Comp osition and inheritance are the basic mechanisms that OBCP

provides to structure a collection of ob jects. But they are usually the only struc-

turing mechanisms. When the num b er of ob jects b ecomes large, it b ecomes nec-

essary to organize them in larger entities b ecause individual referencing of ob jects

3

This distinction do es not exist at the language level in uniform systems (where everything is an

ob ject). How ever it proves to b e useful to help delimiting the b oundaries of conceptual ob jects.

tends to b e less manageable. Such a grouping mechanism has b een prop osed for

some sp eci�c needs such as debugging [Honda and Y oneza wa 88]. Con�gurations

[Agha 86], and furthermore c oncurr ent aggr e gates [Chien and Dally 90], have also

b een prop osed as constructs to abstract groups of ob jects. How ever these sim-

ple organization mechanisms do not take into account the various articulations

b etween ob jects inside a same group and b etween groups (e.g., master-slav e)

to structure co ordination b etween them to achieve a common task. Most con-

ceptions of groups in OBCP employ a representativ e or ob ject that serves as a

surrogate for the group. DAI needs distributed representations of groups, so that

groups may b e viewed from di�erent p ersp ectives simultaneously .

5.2 Extending OBCP

Our prop osals for wa ys in which to extend OBCP to provide a b etter supp ort to address

the DAI requirements are:

Identity: One key problem is the problem of ob ject identit y , which can b e further

analyzed as three issues: the need for distributed ob ject representations, the

need for dynamic ob ject representations, and the need for situated ob ject rep-

resentations. Fixed b oundaries for ob jects are to o in exible, and do not re ect

either the theoretical p ositions emerging in the DAI world or the reality of multi-

level aggregations of action and knowledge (e.g. multi-level groups or organiza-

tions). F rom these viewp oints, agents are dynamically de�ned by reference to

their changing p osition in a communit y , and by reference to their p osition in a

fr ame of refer enc e|the \same" computational units (which may b e individuals

or groups, dep ending on levels of analysis) may participate in di�erent \agents"

simultaneously

. Finally

, when agents are aggregated into dynamic groups, the

issue of continuity of identity emerges|what maintains the stable identity of an

\agent" when it is comp osed of ever-changing ob ject de�nitions and patterns of

interaction? This can b e an imp ortant issue; Hogg and Hub erman hav e shown

the p otential for chaotic b ehavior among agents with particular decision making

pro cedures, and has illustrated how chaos can b e ameliorated by making agents

b etter predictors of each others’ b ehavior [Hogg and Hub erman 90]. However,

such prediction dep ends up on the continuous identit y of agents.

Communication/Interaction: [Shoham 90], [Shoham 91], [Bouron 91], and [Numa-

ok a and T ok oro 90] prop ose to constrain communications along the classi�cation

of sp eech act theory [Searle 69] by distinguishing the typ e of intention of the com-

munication (inform, request, promise, etc.). As noted earlier, this relies on the

assumption of common-shared communication semantics. A more general mo del

could b e based on the concept of meta-c ommunic ations as a basis for setting up

comprehensive communication b etw een agents. F or the future, we b elieve that

a so cial the ory of inter action is necessary

. In such a so cial theory

, the semantics

of communications would b e an emergent prop erty of cycles of interpretation,

symbolization, and resp onse among many agents in a system, rather than in an

a priori shared semantics. The notion of \ob ject" in such a system would thus b e usefully exible (cf. Identit y ab ov e), but stabilized by playing a role in a

communit y .

Activity: Non-pro cedural mo dels hav e b een prop osed in AI, such as rule-based sys-

tems, and data-driven actions (daemons and knowledge sources) to encompass

the in exibility and explicitness of pro cedural description of the b ehavior of an

agent. ORIENT84/K [T okoro and Ishik aw a 84] provides a mo del of combination

(and not uni�cation) of structure/b ehavior and knowledge/inference. Instance

v ariables are distinct from the knowledge base (facts and rules). Metho ds may

trigger the knowledge engine and vice-versa. The knowledge base also supp orts

data-driven daemons.

Another alternative is through the concept of cycle, by merging the cycle of

knowledge inference with(in) the cycle of message acceptance, as in agent-orien ted

programming [Shoham 90, Shoham 91] or MAGES [Bouron et al. 90].

There is also the issue of at what gr ain to implement activity|within an object

or among objects, how to make the grain exible, and how to link the grain to the

identit y of ob jects. Grain and identity can b e related through the notion of ex-

ible bindings of action and knowledge. F or example, Ishida and Gasser hav e con-

structed a dynamic problem-solving system based on pro duction rules, in which

the communit y of agents emerges from a fabric of knowledge dynamically

, in re-

sp onse to changes in problem-solving (quality or time) demand [Ishida et al. 92].

The de�nitions of ob jects or agents in this system may b e envisioned as b eing rep-

resented in the dynamic knowledge-knowledge and action-knowledge dep endency

relationships in the system.

More explicit control over the acceptance of messages may b e gained to enhance

the autonomy of the ob ject [Maruichi 90], by extending the computation mo del

(e.g. the waiting mo de of ABCL/1 [Y oneza wa 90]), or through re ection (e.g., by

reifying the messages queue [T omlinson and Singh 89]). Input may also b e decou-

pled by introducing multiple message queues (e.g., in HYBRID [Nierstrasz 87])

drawing analogy with multiple-ports mo dels of Concurrent Prolog and CCS.

>F rom one p oint of view, message passing in OBCP could b e expanded towards

AI theories of b elief, infer enc e, and mental state (e.g, [Shoham 90, Shoham 91]).

That is, from a DAI p ersp ective, the interpretation of a message would b e con-

tingent on the b elief state of the agent/ob ject and on that agent’s place in the

joint problem-solving pro cess. This of course complicates the problem of con-

sistency in semantics, b ecause the lo cus of meaning is found in the group and

the circumstances, rather than in the sp eci�cation of the ob ject at programming

time.

A second approach would b e to b egin to rede�ne the nature of knowledge and

b elief to rest in the actions of the community rather than in the mental states

of agents - that is, to p ose knowledge at a so cial level, grounded in (patterns

of ) interactions, not in states. Said another wa y , the patterns of agent interac-

tion, or their organization can b e a way of describing what they can and cannot

do as a communit y [Gasser 91]. In a pragmatic sense this fo cus on patterns of

interaction re ects a notion of know le dge in action rather than knowledge in a rep ository

. OBCP has actually made some progress in this direction|see esp e-

cially [Hewitt 77] which suggested a change in the ways we reason ab out control

from a fo cus in instructions to a fo cus on patterns of messages.

State: The internal state of an ob ject must b e structured and connected with the

inference ability

. The structural and knowledge state may b e kept distinct or

merged. Orient84/K maintains the distinction, as discussed ab ove. In case of

merging, a wa y often used in ob ject-based knowledge representation systems is

to extend the notion of v ariable into the notion of slot. The v alue of the v ariable

b ecomes one attribute among others, usually

, default-v alue, domain, daemons,

etc.

Another alternative may b e found in agent-oriented programming [Shoham 90,

Shoham 91]. The state of an agent is constrained (also its communication, as

seen ab ove) among several types called mental states: b elief, commitment and

capability .

The last issue has to do with representation of other agents. Simple referenc-

ing of acquaintances needs to b e enriched to provide a representation of other

agents (such as symb olic representation of other agents role and skills in MACE

[Gasser et al. 87a]). Re ection, by mo deling self-representations, seems a promis-

ing approach for agents to exchange representations.

Organization: Mo dels of organizations are needed to structure co ordination b etw een

agents, that is to describ e how to comp ose/decomp ose and allo cate tasks b etween

agents and achieve coherent interaction. Mo dels of organizations may come from

the study of human organizations, administration (o�ce semantics), organization

theory

, and from the formal design and implementation of stable co ordination

structures. [Hewitt and Inman 91] prop oses concepts of organizations derived

from the study of human organizations, as a structuring to ol on top of ob jects.

Explicit knowledge by the agents of their organizational role could allow them to

manage themselves the recon�guration of their organization [Ishida et al. 92].

6 Conclusions

This study is based on a survey of v arious OBCP and DAI platforms. W e hav e b egun

to analyze the gap b etw een OBCP and DAI more clearly by relating to a problem

of integrating tw o types of theories: theories of so cial organization that describ e how

to represent and solve DAI problems, and theories of mo deling and implementation

that describ e how to represent problem-solving theories in computational terms. W e

analyzed several prop osed OBCP frameworks to �nd way to improve their abilities to

mo del DAI so cial theories. W e b elieve in progress of OBCP and DAI �elds through

mutual aw areness of their resp ective domains and b etter co ordination.

Some of the most promising aven ues in OBCP research are the trends toward higher-

level ob jects, ob ject aggregation, and self representation mechanisms based on re ec-

tion. These promise to b e useful techniques for implementing agent aggregates such as organizations, as well as for capturing the role-taking and remote-referencing needed

in integrated so cial theories.

7 Ackno wledgemen ts

Much of this work to ok place under the generous supp ort of the LAFORIA Lab oratory

at the Universite de Paris VI and the Centre de So ciologie de l’Innov ation, Ecole

Sup erieure des Mines de Paris. W e esp ecially thank Thierry Bouron, Michel Callon,

Jacques F erb er, Bruno Latour, Jean-F rancois Perrot, and Genevieve T eil. Several

years’ worth of discussions with Jacques on the ideas b ehind MACE were instrumental

in formulating this pap er. In addition, conversations with and comments from Michael

Arbib, Nikos Avouris, Carl Hewitt, Marc v an Liedekerke, Mario T okoro, and Alfredo

W eitzenfeld were helpful in developing and clarifying the ideas presented here.

References

[Agha 86] G. Agha, \A ctors: A Model of Concurr ent Computation in Distribute d Sys-

tems," MIT Press, 1986.

[Agha et al. 89] G. Agha, P . W egner, and A. Y onezawa (eds), \Pro ceedings of the OOP-

SLA’88 W orkshop on Ob ject-Based Concurrent Programming," SIGPLAN No-

tices, 24(4), April 1989.

[Agha 90] G. Agha, \Concurrent Ob ject-Oriented Programming," Communic ations of the

ACM, September, 1990.

[Beck er 86] Howard S. Becker, Doing Things T o gether, Northwestern University Press, 1986.

[Bendifallah et al. 88] Salah Bendifallah, F rancois Blanchard, Alb erto Cambrosio, Joan F u-

jimura, Les Gasser, Elihu Gerson, Austin Henderson, Carl Hewitt, W alt Scacchi,

Susan Leigh Star, Lucy Suchman, and Randy T rigg, \The Unnamable: A White

Paper on So cio-Computational ‘Systems.’ " DAI Research Note 60, Computa-

tional Organization Design Lab, Institute for Safety and Systems Management,

USC, April, 1988.

[Bennett 87] J.K. Bennett, \The Design and Implementation of Distributed Smalltalk,"

OOPSLA’87, Sp e cial Issue of SIGPLAN Notic es, 22(12), pages 318{330, De-

cember 1987.

[Blumer 69] H. Blumer, Symb olic Interactionism: Perspe ctive and Method, Prentice Hall,

Englewoo d Cli�s, NJ, 1969.

[Bobrow et al. 90] D.G. Bobrow, L.G. DeMichiel, R.P

. Gabriel, S.E. Keene, G. Kiczales, and

D.A. Mo on, \Common Lisp Ob ject System," in Common Lisp - the L anguage

- Sec ond Edition, edited by G.L. Steele, Digital Press, pages 770{864, 1990.

[Bond and Gasser 88a] A.H. Bond and L. Gasser, \An Analysis of Problems and Research

in Distributed Arti�cial Intelligence," in [Bond and Gasser 88b], 1988.

[Bond and Gasser 88b] A.H. Bond and L. Gasser (eds), \R e adings in Distributed Arti�cial

Intel ligence," Morgan Kaufmann, 1988.

[Bouron 91] T. Bouron, \What Architecture for Communications Among Computational

Agents?," AAAI’91 Workshop on Coop er ation Among Hetero gene ous Intel ligent

Systems, Anaheim, CA., 1991.

[Bouron et al. 90] T. Bouron, J. F erber, and F. Samuel, \MAGES: a Multiagent T estb ed for

Heterogeneous Agents," Pro c e e dings of the 2nd Eur op e an Workshop on Mod-

elizing Autonomous A gents and Multi-Agent Worlds (MAAMA

W’90), pages

221{239, Saint-Quen tin en Yvelines, F rance, August 1990.

[Briot 89] J.-P

. Briot, \Actalk: a T estbed for Classifying and Designing Actor Languages

in the Smalltalk-80 Environment," Pro c e e dings of ECOOP’89, Cambridge Uni-

versit y Press, pages 109{129, July 1989.

[Briot and Y oneza wa 87] J.-P

. Briot and A. Y oneza wa, \Inheritance Mechanisms in Ob ject-

Oriented Concurrent Languages," ECOOP’87, LNCS, No 276, pages 32{40,

Springer-V erlag, 1987.

[Callon 80] M. Callon, \Struggles and Negotiations to De�ne What is Problematic and

What is Not: The So ciologic of T ranslation," in K. Knorr, et al., eds., The

Social Pr o c ess of Scienti�c Investigation, Boston: Dordrech t, 1980.

[Casais 88] E. Casais, \An Ob ject Oriented System Implementing KNOs," in Pr o c e e dings

of the ACM Confer enc e on O�c e Information Systems, pages 284{290, March

1988.

[Charon 79] Jo el Charon, \Symbolic Inter actionism: An Interpretation, Evaluation, and

Critique," Prentice-Hall, Englewoo d-Cli�s, NJ, 1979.

[Chien and Dally 90] A.A. Chien and W.J. Dally

, \Concurrent Aggregates," Symposium on

Principles and Practic e of Paral lel Pr o gr amming, March 1990.

[Cohen and Levesque 90] P

.R. Cohen and H.J. Levesque, \Intention is Choice With Com-

mitment," Arti�cial Intel ligence, 1990.

[Corkill et al. 86] D.D. Corkill, K.Q. Gallagher and K.E. Murray

, \GBB: A Generic Black-

b oard Development System," AAAI’86, pages 1008{1014, August 1986.

[Davis and Smith 83] R. Davis and R.G. Smith, \Negotiation as a Metaphor for Distributed

Problem Solving," Arti�cial Intel ligenc e, 20(1), pages 63{109, 1983.

[Durfee et al. 87b] E.H. Durfee, V.R. Lesser, and D.D. Corkill, \Coherent Co op eration

Among Communicating Problem Solvers," IEEE T r ansactions on Computers,

C-36, pages 1275{1291, 1987.

[Durfee and Lesser 91] E.H. Durfee and V.R. Lesser, \Partial Global Planning," IEEE T r ans-

actions on Systems, Man and Cybernetics, 21(5), September/Octob er, 1991.

[Erman et al. 88] L.D. Erman, J.S. Lark and F. Hayes-Roth, \ABE: An Environment for

Engineering Intelligen t Systems," IEEE T r ansactions on Software Engineering,

14(2), pages 1758{1770, December 1988.

[F ennell 77] Richard D. F ennell and Victor R. Lesser. \Parallelism in Arti�cial Intelligence

Problem Solving: A Case Study of Hearsay-II," IEEE T r ansactions on Com-

puters, C-26(2):98{111, 1977.

[F erber 88] J. F erber, \Des Ob jets aux Agents: Une Architecture Strati� ee," Research

Rep ort 88{18, Laforia, Universit� e Paris VI, 1988.

[F erber and Briot 88] J. F erber and J.-P

. Briot, \Design of a Concurrent Language for Dis-

tributed Arti�cial Intelligence," International Conferenc e on Fifth Gener ation

Computer Systems (FGCS’88), V ol. 2, pages 755{762, Icot, T okyo, Japan,

Nov ember-December 1988.

[F erber 89] J. F erber, \Computational Re ection in Class-Based Ob ject-Oriented Lan-

guages," OOPSLA’89, Spe cial Issue of Sigplan Notic es, 24(10), Octob er 1989.

[F erber and Carle 92] J. F erber and P

. Carle, \Actors and Agents as Re ective Concurrent

Ob jects: a Mering-IV Perspective," IEEE T r ansactions on Systems, Man, and

Cybernetics, 21(6), Nov ember/December 1991.

[Gasser 86] L. Gasser, \The Integration of Computing and Routine W ork," ACM T r ansac-

tions on O�ce Information Systems,, 4(3), July

, 1986.

[Gasser et al. 87a] L. Gasser, C. Braganza, and N. Herman, \MACE: A Flexible T estb ed for

Distributed AI Research," in M.N. Huhns, editor, Distributed Arti�cial Intel li-

gence, Pitman - Morgan Kaufmann, pages 119{152, 1987.

[Gasser et al. 87b] L. Gasser, C. Braganza and N. Herman, \Implementing Distributed Arti-

�cial Intelligence Systems Using MACE," Pr o c e e dings of the Third IEEE Con-

ferenc e on Arti�cial Intel ligence Applications, pages 315{320, 1987.

[Gasser 89b] L. Gasser, \High-Level Ob jects in a Flexible T estb ed for Distributed AI Re-

search," in [Agha et al. 89], April 1989.

[Gasser and Huhns 89] L. Gasser and M.N. Huhns, \Themes in Distributed Arti�cial Intel-

ligence Research," in L. Gasser and M.N. Huhns, eds., Distributed Arti�cial

Intel ligence, V olume II, Pitman Publishers, pages vii{xv, 1989.

[Gasser et al. 89] L. Gasser, N. Rouquette, R. Hill, and J. Lieb. \Representing and Using

Organizational Knowledge in DAI Systems," in [Gasser and Huhns 89a], 1989.

[Gasser and Hill 90] L. Gasser and R.W. Hill, \Engineering Co ordinated Problem Solvers,"

in Annual R eviews of Computer Science, V olume 4, Annual Reviews, Inc., Palo

Alto CA, 1990.

[Gasser 91] L. Gasser, \So cial Conceptions of Knowledge and Action: DAI F oundations

and Op en Systems Semantics," in Arti�cial Intel ligenc e Sp ecial Issue on F oun-

dations of Arti�cial Intelligence, 1991.

[Gasser 92] L. Gasser, \Boundaries, Aggregation, and Identity: Plurality Issues for Multi-

Agent Systems," in Y. Demazeau and E. W erner, eds. De c entr alize d Arti�cial

Intel ligence 3, Elsevier, 1992.

[Gerson 76] \On Quality of Life," Americ an So ciolo gy Review 41, 1976.

[Giroux and Senteni 91] S. Giroux and A. Senteni, \A Distributed Arti�cial Intelligence Ap-

proach to Behavioral Simulation," Pr o c e e dings of 1991 Europ e an Simulation

Multiconfer enc e, Cop enhagen, Denmark, June 1991.

[Hay es-Roth 85] B. Hay es-Roth, \A Blackboard Architecture for Control," Arti�cial Intel li-

gence, V ol. 26, pages 251{321, 1985.

[Hewitt 77] C.E. Hewitt, \Viewing Control Structures as Patterns of Passing Messages,"

Arti�cial Intel ligence, 8(3), pages 323{364, 1977.

[Hewitt 86] C.E. Hewitt, \O�ces are Op en Systems," ACM T r ansactions on O�ce In-

formation Systems, 4(3), pages 271{287, 1986. Also in Hub erman, B.A., The

Ecolo gy of Computation, Elsevier Science Publishers - North Holland, 1988.

[Hewitt and Inman 91] C. Hewitt and J. Inman, \DAI Betwixt and Between: F rom ‘Intelli-

gent Agents’ to Op en Systems Science," IEEE T r ansactions on Systems, Man,

and Cybernetics, 21(6), Novem b er/Decemb er 1991.

[Hewitt 91] C.E. Hewitt, \Op en Information Systems Semantics for Distributed Arti�cial

Intelligence," Arti�cial Intel ligence, January 1991.

[Hogg and Hub erman 90] T. Hogg and B.A. Hub erman, \Controlling Chaos in Distributed

Systems," T ec hnical Rep ort SSL{90{52, Dynamics of Computation Group, Xe-

rox Palo Alto Research Center, Palo Alto, CA, 1990.

[Honda and Y oneza wa 88] Y. Honda and A. Y oneza wa, \Debugging Concurrent Systems

Based on Ob ject Groups," ECOOP’88, LNCS, No 322, Springer-V erlag, Au-

gust 1988.

[Ishida et al. 92] T. Ishida, L. Gasser, and M. Y okoo, \Organization Self-Design of Dis-

tributed Pro duction Systems," IEEE T r ansactions on Data and Know le dge

Engineering, 4(2), pages 123{134, 1992.

[deJong 90] P

. deJong, \Organizations of Co op erating Applications," draft, IBM Cambridge

Scienti�c Center, 1990.

[deJong 90b] P

. deJong, \Concurrent Organizational Ob jects," OOPSLA/ECOOP’90 W ork-

shop on Ob ject-Oriented Concurrent Programming, OOPS Messenger, 2(2),

ACM Sigplan, April 1991.

[Kornfeld and Hewitt 81] W.A. Kornfeld and C.E. Hewitt, \The Scienti�c Community

Metaphor," IEEE T r ansactions on Systems, Man and Cybernetics, 11(1), pages

24{33, January 1981.

[Latour 87] Bruno Latour, Science in Action. Harv ard University Press, 1987.

[Lenat 75] D.B. Lenat, \BEINGS: Knowledge as Interacting Exp erts," IJCAI’75, pages

126{133, 1975.

[Lescaudron et al. 91] L. Lescaudron, J.-P

. Briot and M. Bouabsa, \Prototyping Program-

ming Environments for Ob ject-Oriented Concurrent Languages: a Smalltalk-

Based Exp erience," Pr o c e e dings of the 5th Conferenc e on the T e chnolo gy

of Obje ct-Oriente d L anguages and Systems (T o ols Usa’91), pages 449{462,

Prentice-Hall, 1991.

[Lesser 81] Victor R. Lesser and Daniel D. Corkill. \F unctionally Accurate, Co op erative

Distributed Systems," IEEE T r ansactions on Systems, Man and Cyb ernetics,

SMC-11(1):81{96, January 1981.

[Lesser 83] Victor R. Lesser and Daniel D. Corkill. \The Distributed V ehicle Monitoring

T estbed: A T ool F or Investigating Distributed Problem Solving Networks," AI

Magazine, pages 15{33, F all 1983.

[Maes 88] P

. Maes, \Computational Re ection," Know ledge Engine ering Review, 3(1)

pages 1-19, March, 1988.

[Ma jchrzak and Gasser 92] A. Ma jchrzak and L. Gasser, \HITOP-A: A T ool T o F acilitate

Interdisciplinary Manufacturing System Design," International Journal of Hu-

man F actors in Manufacturing, 2(3), pages 255{276, 1992.

[Manning 87] C.R. Manning, \Acore: The Design of a Core Actor Language and its Com-

piler," Revise d Master Thesis, EE and CS dept., MIT, May 1987.

[Maruichi 90] T. Maruichi, \Organizational Computation," PhD Dissertation, EE Dept.,

Keio Universit y , September 1989.

[Mazer 91] Murray S. Mazer. \Reasoning Ab out Knowledge to Understand Distributed AI

Systems," IEEE T r ansactions on Systems, Man, and Cyb ernetics, 21:6, pages

1333{1346, Nov ember/December, 1991.

[Mead 34] George H. Mead, Mind, Self and So ciety, University of Chicago Press, 1934.

[Montgomery 90] T.A. Montgomery and E.H. Durfee, \Using MICE to Study Dynamic Co-

ordination," Pr o c. Sec ond Computer Society International Confer enc e on T o ols

for Arti�cial Intel ligenc e, November, 1990.

[Nierstrasz 87] O. Nierstrasz, \Active Ob jects in Hybrid," OOPSLA’87, Spe cial Issue of Sig-

plan Notices, 22(12), pages 243{253, December 1987.

[Nii et al. 89] H.P

. Nii, N. Aiello and J. Rice, \Exp eriments on CAGE and POLIGON: Mea-

suring the Performance of Parallel Blackboard Systems," in [Gasser and Huhns

89a], pages 319{384, 1989.

[Numaok a and T okoro 90] C. Numaok a and M. T ok oro, \Conversation among Situated

Agents," Pr o c e e dings of the 10th International Workshop on DAI, Chapter 13,

MCC, Austin TX, Octob er 1990.

[O’Hare and W ooldridge 92] G. O’Hare and M.L. W ooldridge, \A Software Engineering Per-

sp ective on Multi-Agent Systems Design: Exp erience in the Development of

MADE," in N.M. Avouris and L. Gasser, Distributed Arti�cial Intel ligenc e:

Theory and Praxis, Kluw er Academic Publishers, 1992.

[Parsons51] T alcott Parsons and Edward A. Shils. T owar d a General Theory of Action.

Harv ard University Press, Cambridge, MA, 1951.

[Rosenschein 82] J.S. Rosenschein, \Synchronization of Multi-Agent Plans," AAAI’82, pages

115{119, 1982.

[Searle 69] J.R. Searle, \Sp eech Acts: An Essay in the Philosophy of Language," Cam-

bridge Universit y Press, 1969.

[Shibay ama 88] E. Shibayama, \How to Inven t Distributed Implementation Schemes of an

Ob ject-Based Concurrent Language - a T ransformational Approach -," OOP-

SLA’88, Spe cial Issue of Sigplan Notices, 23(11), pages 297{305, Octob er 1988.

[Shoham 90] Y. Shoham, \Agent Oriented Programming," T ec hnical Rep ort, Stan-Cs-90-

1335, Stanford University

, Palo Alto CA, 1990.

[Shoham 91] Y. Shoham, \Agent0: An Agent-Oriented Language and its Interpreter," Pro-

ce e dings of the National Conferenc e on AI (AAAI-91), pages 704{709, 1991.

[Strauss 78] Anselm L. Strauss, Negotiations. San F rancisco: Jossey Bass, 1978.

[T okoro and Ishika wa 84] M. T okoro and Y. Ishik awa. \An Ob ject-Oriented Approach to

Knowledge Systems," Pro c e e dings of the International Conferenc e on Fifth Gen-

eration Computer Systems, Icot, T oky o, Japan, pages 623{631, 1984.

[T omlinson and Singh 89] C. T omlinson and V. Singh, \Inheritance and Synchronization

with Enabled-Sets," OOPSLA’89, Spe cial Issue of Sigplan Notices, 24(10), Oc-

tob er 1989.

[W atanabe and Y onezaw a 88] T. W atanabe and A. Y oneza wa, \Re ection in an Ob ject-

Oriented Concurrent Language," OOPSLA’88, Sp ecial Issue of Sigplan Notices,

23(11), pages 306{315. November 1988.

[W eick 79] Karl E. W eick, The Social Psycholo gy of Organizing, 2nd Edition, Addison

W esley

, 1979.

[W eitzenfeld and Arbib 90] A. W eitzenfeld and M.A. Arbib, \A Concurrent Ob ject-Oriented

F ramework for the Simulation of Neural Networks," OOPSLA/ECOOP’90

W orkshop on Ob ject-Oriented Concurrent Programming, OOPS Messenger,

2(2), pages 120{124, ACM Sigplan, April 1991.

[Wittig 92] Theis Wittig, ed., ARCHON: An Ar chite ctur e for Multi-Agent Systems London,

Ellis Horwoo d, 1992

[Y onezawa 90] A. Y oneza wa, ABCL: An Object-Oriente d Concurr ent System MIT Press,

1990.

Conten ts

1 Introduction 1

1.1 DAI: Representation and Control Problems : : : : : : : : : : : : : : : : 2

1.2 DAI: Implementation Problems : : : : : : : : : : : : : : : : : : : : : : 3

1.3 Theories of So cial Organization and of Mo deling/Implementation : : : 5

1.4 OBCP as a Mo deling and Implementation F oundation for DAI : : : : : 6

1.5 OBCP Concepts : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 6

1.6 OBCP Investigations Have DAI Relevance : : : : : : : : : : : : : : : : 8

2 Case Studies of So cially-Motiv ated DAI 9

2.1 So cially-Motivated DAI and the MACE testb ed : : : : : : : : : : : : : 10

2.2 Limitations of Mo deling and Implementation Approach : : : : : : : : : 13

3 DAI Theory and Issues Drive Implementation Needs 13

4 OBCP and DAI Share Joint Issues 16

5 Extending OBCP F or Better Integration with DAI 18

5.1 OBCP is Insu�cient to Match DAI Requirements : : : : : : : : : : : : 18

5.2 Extending OBCP : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 19

6 Conclusions 21

7 Ackno wledgemen ts 22