TEAMSIN MULTI-AGENT SYSTEMS

Bevan Jarvis, Dennis Jarvis, Lakhmi Jain

Bevan.Jarvis@posgradsunisa.edu.au

JarvisDennis@gmail.com

Lakhmi.Jain@unisa.edu.au

KES Group, School of Electrical and Information Engineering, University of South Australia

Abstract: Multi-agent systems involve agents intBng with each other and the
environment and working to achieve individual antbup goals. The
achievement of group goals requires that agentk tegether within teams. In
this paper we first introduce three philosophiggpraaches that result from
different answers to two key questions. Secondlyceresider three theoretical
frameworks for modelling team behaviour. Next wekloat two agent
implementation models. Finally, we consider onethaise implementation
models — JACK Teams — and place it in the contétti@philosophical debate
and the theoretical frameworks.
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1. INTRODUCTION

Multi-agent systems are of research interest inopbphy, artificial
intelligence and cognitive science. There are tgpreaches to modelling
MAS behaviour — by explicit specification of indilial behaviours or by
relying on emergent behaviours. In the latter cesiective activity may not
always be easily derivable.

Two key issues emerge. First is the question ofthdreeams should be
explicity modelled, as constructs constraining ivibal behaviour.
Koestler's description of holons [12] representpoaitive answer to this
guestion. Assuming an individual-oriented approackecond issue arises of
whether individual-oriented intention suffices toxp&in collective
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intentionality — as proposed by Bratman [4] — arasgued by Searle [15], a
separate type of intention is required that isrtéd towards the group and is
not reducible to individual-oriented intention.

The different approaches are reflected in diffetbabretical frameworks
for multi-agent teaming. Holonics [6] is an integtation of Koestler's ideas.
Cohen and Levesque's Joint Intention theory [9pfed Searle by defining
joint intentions that are held by the team as alahim the SharedPlans
theory of Grosz et al. [9, 10], individual-orienteeshd collective-oriented
intention are respectively represented by meansghef mental attitudes
"intend to" (perform an action) and "intend thadl' groposition becomes
true).

Both the Joint Intention theory and the SharedPihesry have provided
the basis for a number of successful implementatid®terhaps the most
noted of these is the team-oriented programming R)TGramework,
exhibited in the TEAMCORE system of Pynadath et [4B], which
combines elements of both theories.

JACK Teams [2] is here represented as an agentHiapéementation of
the holonics model. The defining concept in JACKams may be described
as providing an agent with the capability to detegales and to accept role
obligations. An agent can thus be at once part gifeater whole (a group
serving another agent) and a self-contained emtitgable of coordinating its
own groups. This is essentially the definition dfaon [6].

It will be useful to consider the sources of aniimtlual agent's
intentions, which we identify as desires, obligasioand norms. Desires
belong to the agent. Obligations arise from an Bgemgreement with
another agent to perform an action or role — thieyttze result of delegations
or contracts. Norms represent the (in human terftes dacit) agreement of
agents in a group to follow certain rules. Desiegge thus individual-
oriented, obligations are oriented to one otheividdal, and norms are
group-oriented.

In sections 2 and 3 we look more closely at théoghphical viewpoints
of Searle and Bratman and the related theoretiaaidworks developed by
Cohen and Levesque and by Grosz and her collalsrdtosection 4 we
selectively overview some implementations of teahaviour. We conclude
by discussing JACK Teams, placing it in the contafkthe philosophical
debate and the theoretical frameworks. While haviregn developed
separately from the philosophical and theoreticatiets we discuss, JACK
Teams still appears to find a natural place ambamt
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2. THE PHILOSOPHY OF TEAMS

As mentioned above, two key issues in describirgntdehaviour are
whether the focus of attention is on teams or iddigls, and (assuming the
latter) how to represent collective intention. Aetphilosophical level this
results in three distinct approaches. The teanricentew inspired by
Koestler is that teams can be both parts of lafgeat least not smaller)
teams and coordinate smaller teams. From the thakkicentric viewpoint,
there are two approaches, represented here by &matamd Searle.
Bratman's view is that collective intention candescribed by referring to
individual intention in combination with other mahtattitudes. Searle's
opposing view is that collective intention cannetdo reduced.

2.1 Holons and the Janus Effect

Koestler [6] coined the word 'holon' to denote atitg which is both a
collection of parts and a part of a greater enkty. example, a human organ
is an organised collection of cells and is alsoast pf the human body.
Holons can be part of other holons, forming hidrges — or heterarchies —
called 'holarchies'. The 'Janus effect' denoteswibesided nature of a holon
within a holarchy: facing upwards it has the forhracdependent part, while
facing downwards it appears to be a self-contaweale.

Teams are holons in that they are made up of iddals and are also part
of a larger organisation. Teams can also be pasther teams, and so the
team structure of an organisation is, in the gdmarse, a holarchy.

Koestler in fact does not distinguish between imtlials and teams.
Rather, he seeks to capture the essence of systeavibur in terms of a
holarchy.

2.2 Bratman and Shared | ntention

In a series of papers (collected in [4]), Bratmawvedops his notion of
shared intention. This is intention of the groupt lsomprises a public,
interlocking web of intentions of individuals. Thmterlocking web aspect
reflects the fact that an individual's intentionse aachieved through
hierarchies of plans and subplans that must be edesfith those of other
cooperating individuals. The public nature of thebwof intentions is
established by invoking common knowledge. (Commanwkedge is the
knowledge by each individual in a group of an iitfirset of propositions of
the form "I know that X", "I know that you know thX", "I know that you
know that | know that X", and so on. A detaileddstis provided by Fagin,
et al. [8]. It has a close analogue in mutual bglie
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2.3 Searle and Collective I ntentionality

Searle contends that in addition to individual ikgnality there is
collective intentionality, which latter is expredsby each individual, as "we
intend" [15]. Collective intentionality is, he stat "a biologically primitive
phenomenon that cannot be reduced to or eliminatéaivor of something
else." Searle further claims that individual intentplus mutual belief, or
any alternative to mutual belief that he has sdees not in fact result in
collective intention. This claim appears incompiatithowever, with the
logical requirements of the theoretical framewodkscussed below, which
rely on common knowledge.

24 Nor ms and Obligations

We follow Dignam et al. [7] in distinguishing beta® norms and
obligations. Norms are held by a group or commuyratyd no individual is
identified as the instigator. Obligations involuest two parties (individuals
or groups regarded as individuals). One partydasgis the obligation, which
is held by the other. Using Bratman's terminolo@y, both norms and
obligations are pro-attitudes (similar to desires)d only in the event that
they are accepted and the individual in some wamneids to them do they
become conduct-controlling pro-attitudes (intengjon

Norms are rules of behaviour — prescriptions oispriptions — that are
understood and enforced within a group or communitgrms include
mores, taboos, faux pas and commonly agreed wagsing things. Some
norms are codified as laws. Penalties for breakingorm range from the
extreme — execution or ostracism from the commumitgroup — to minor or
none at all — shame, or the knowledge that onechased insult or injury.
Punishments may even take subtle forms such dseirgg invited to receive
some benefit, and it is quite possible for a persatrto realise that he or she
has been so penalised. These punishments areosectby the group,
implicitly or otherwise.

Obligations are most readily explained by referritg delegation.
Consider that Adam asks or requires Belinda toraet particular way (i.e.
to perform a role or a task), and Belinda, throagiheement or coercion,
decides (commits, and therefore feels obligatedydaact. In the case of
delegation, the behaviour asked of Belinda is paa plan coordinated by
Adam. Obligations per se allow for punishment amlya limited, individual
level. If, for example, Belinda does not behaveageeed, Adam has the
option not to rely on her in the future. Any funthection that Adam might
take is subject to social norms. Obligations inalhdne or both parties are
groups or organisations, however, often involvetiams.
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Contracts are one way to enable punishment fofulfilting obligations.
They require that a third person or entity (repnéisg the community or
group) may be called upon to arbitrate and decidaighment if the
agreement is broken. Contractual obligations drighe context of a norm
(codified in a set of laws) that prescribes thabpgie in general should
adhere to contracts.

3. THEORETICAL FRAMEWORKSFOR TEAMS

3.1 Holonics

In general terms, holonics is the application ofefiter's ideas to the
design of multi-agent systems. The objective iattain in designed systems
the benefits that holonic organisation providesliting organisms and
societies. These benefits are: stability in the fatdisturbance; adaptability
and flexibility to change; and efficient use ofgasces [6].

A noted application is Holonic Manufacturing Sysge(hiMS). In HMS
it is desired that behaviour be explicitly specifiacunpredicted emergent
behaviour is generally unwelcome in a manufactueingronment.

In the holonics model, a holon has behaviours dlnatcoordinated from
above and also specifies behaviours of subsidiatgnis. Additionally, it
may have behaviours as an individual entity.

3.2 Joint I ntentions

In [5], Cohen and Levesque establish that joinentibn cannot be
defined simply as individual intention with the mearegarded as an
individual. This is because after the initial fotma of an intention, team
members may diverge in their beliefs and hencheir fattitudes towards the
intention. Instead, Cohen and Levesque generdiisie bwn definition of
intention. First they present a definition of indival persistent goal and, in
terms of this, individual intention. Both definitie use the notion of
individual belief. Next, they define precise analeg of these concepts —
joint persistent goal and joint intention — by ikirgg mutual belief in place
of individual belief. The definition of joint pestent goal additionally
requires each team member to commit to informidgiomembers — to the
extent of the team's mutual belief — if it comedadieve that the common
goal has been achieved, becomes impossible or lermuer relevant. The
result is that, while a team is not an individuedyertheless joint intention is
— at least in definition — similar to individualténtion.
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In Cohen and Levesque's theory, then, a team wjtiinaintention is a
group that shares a common objective and a cesteired mental state [5].
In particular, joint intentions are held by therteas a whole.

3.3 Shar edPlans

In Grosz and Sidner's SharedPlans model [10], tientional attitudes
are employed: "intending to" (do an action) andtelming that" (a
proposition will hold). The former is individualdented intention, while the
latter represents intention directed toward growpiviy. Additionally,
shared intentions are described along with mutualigwn partial plans to
achieve those intentions. Agents are said to h&sfeasedPlan to de just in
case they hold: (1) individual intentions that greup performu; (2) mutual
belief of a (partial) plan to de; (3) beliefs about individual or group plans
for the sub-acts in the plan to dp(4) intentions that the selected agents or
subgroups succeed in performing their designated-asts; and (5)
subsidiary commitments to group decision-makingeairat completing the
plan to dou.

Grosz and Hunsberger [9] claim to reconcile the &pproaches to teams
that we have ascribed to Bratman and Searle (to ektent of the
disagreement about whether or not group-orienteghfion is reducible to
individual intention). They provide the "CoordindteCultivation of
SharedPlans" (CCSP) model, which, while relyingelsolon individual
intention, captures the essential properties arfreid accounts that require
group-oriented intention [9]. CCSP also providegeaeral architecture for
collaboration-capable agents.

4, IMPLEMENTATIONSOF TEAMSIN MULTI-
AGENT SYSTEMS

Two important architectures for building intelligeagents are Production
Systems and the Belief-Desire-Intention (BDI) mdd&).

In the Production System model, agent behavioaoded by specifying
rules that are invoked through variable binding fomdiard chaining.

In the BDI model, individual agents are specifiediath each have their
own beliefs, desires, intentions (desires to whiwh agent has committed),
and plans to carry out their intentions. In pragticommitment to intentions
is handled internally to the execution engine, aidesires (or goals) are
implicit in the events that the agent declaresais Iplans to handle. Thus,
coding a BDI agent consists predominantly in syeuf plans and initial
beliefs.
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In this section we consider two implementation ni®def team
behaviour. Team Oriented Programming (TOP) is amtbased model that
combines ideas from the Joint Intentions and Shileed theoretical
frameworks described in the previous section. linplemented in the
Production System model. JACK Teams is also agasédh, through
extending BDI, but represents an implementation tbé Holonics
framework.

41 JACK Teams

JACK Teams [2] is an extension of JACK [1], whicls ian
implementation of the BDI model of intelligent aggn JACK itself is
implemented as an extension of Java, giving ithveer of a complete (and
well known) computer language.

JACK Teams extends JACK by allowing the definitiminagent plans in
terms of roles that unspecified agents may perfang by providing a
mechanism by which roles can be matched to agdiats hiave plans to
handle them. Importantly, the delegating agent ca¢sequire the details of
those plans. By way of example, Adam may ask Balibal buy some
anchovies for the pizza he wants to make, but dussneed to know
whether she will buy them from the local grocerapthe supermarket. All
he requires (in the JACK Teams model) is for Beind say she has a plan
for buying anchovies. Of course, Adam is free tghtén the role
specification.

JACK Teams allows for belief propagation, througk notion of team
belief connections. The connection is strictly ¢oene, between the
coordinating agent and the agent performing a e flow of beliefs may
be directed either upwards — synthesising the fisadiean agent into those of
the agent whose role it is performing — or downwardallowing an agent
performing a role to inherit beliefs from the cooating agent.

JACK Teams also separates team structure (thetisteumeeded to
perform a plan) from organisational structure. ditf it has nothing to say
about the latter — although appropriate restrigtionay be specified if
desired.

An agent in JACK Teams is best interpreted as aension of an
ordinary agent such that it can communicate wittep{similarly enhanced)
agents about the roles that it requires or canl.fulACK Teams thus
provides a mechanism whereby an individual agent establish a group
that is to some extent committed to the obligatiroes) that it prescribes.
The fact that all individuals are so enhanced disteds a powerful
mechanism for describing team structures.
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A JACK Teams agent is clearly a holon. It perforpiesns at the behest
of other agents, and it coordinates groups to perits own plans. Since it
as extension of an ordinary BDI agent, it alsoiteaswn private plans.

4.2 Team Oriented Programming

The Team Oriented Programming framework (TOP) isatempt to
simplify the process of building robust, flexiblgemt teams [13]. Each
potential team member is required to have a funatidnterface that
describes its capabilities, specifying the taskgah perform, input and
output parameters for each task, and constrainiemunt parameters. TOP
has an explicit "team layer", a level of abstratti which the programmer
specifies: the organisational hierarchy of agentsachieving team goals;
the team goals; the team procedures for achievdagntgoals (including
initiation and termination conditions); and coomtion constraints between
agents executing joint activities.

The TEAMCORE [13] (and the more recent Machinett4])
implementation of TOP is implemented as wrappergroxies for agents
defined using the production system-based architectoar. TEAMCORE
is an extension of STEAM [16]. Teamwork knowledgeSTEAM consists
of three classes of domain-independent rules: eoloer preserving, monitor
and repair, and selectivity-in-communication. INANECORE, this domain-
independent knowledge is encapsulated within wnapgents, separating it
from the possibly heterogeneous domain-level agents

5. JACK TEAMSIN CONTEXT

We now look more closely at and seek to place JAB®EmMSs in context
with the philosophical positions and theoreticanfieworks mentioned in
this paper. We focus on JACK Teams because it dgesup unique
philosophical position. As an extension of JACKistbased on previous
work done by Bratman that provided the philosophiessis for BDI. At the
same time it presents an implementation of Koéstreation of holon.

JACK Teams was developed in response to a requitetbenodel team
structures within organisations — specifically, itaily organisations. In this
context the holonic approach, with its emphasisexplicit specification of
behaviour, provides a mechanism for specifying ddath military
procedures.

The contribution of JACK Teams may be summariseddoying that it
gives an agent the capability to reason about aoeddnate the delegated
behaviour of other agents. If a normal BDI ageptesents a member of the
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specieshomo actor ("man the doer"), then a JACK Teams agenidso
delegator. From this apparently simple extension there easay powerful
device for specifying heterarchies of delegatiod abligation.

JACK Teams is firmly on the side of explicit repegagation of MAS
behaviour. Moreover, the engine that matches naiéis agents willing to
perform them may be said to provide a form of mubgdief for the group,
making cooperation possible. This puts it on tle sif Bratman.

There is a clear distinction in JACK Teams betweerate intentions
and intentions that are expressed by specifyingsrab be filled. These
respectively mirror the formulations "intend to'daftintend that" of Grosz et
al. Also, there is a clear recognition of the imtpace of plans in mutual
activity. These considerations indicate a concardanith the SharedPlans
framework.

In addition, failure by an agent in a role will lmetected by the
coordinating agent. The latter will either handie failure or cascade it up
the delegation hierarchy (or heterarchy). It istliis manner that JACK
Teams implements the communication of plan outcotmesnterested
parties, analogously to the communication requirgmef the Joint
Intentions framework.

The mechanism of belief propagation, mentioned abgrovides to
JACK Teams a form of mutual belief. Although thisitomlity is strictly
between the agent performing a role and the coatidip agent, the beliefs
could be further propagated by either party.

In itself, JACK Teams does nothing towards impletimgn norms.
However, if needed, norms could be implementedhéndesign of particular
systems. One approach would be to implement nosrhelkefs, which could
be propagated throughout the group.

6. CONCLUSION AND FUTURE DIRECTIONS

In this paper we have contextualised researchtiranodelling of team
behaviour in multi-agent systems, by consideringilopbphical and
theoretical issues and by briefly describing twplementations.

We have also categorised JACK Teams, which, whisety connected
to the holonics model, yet appears to corresporidwith the work of Grosz
et al., and includes an important feature of CamhLevesque's model.

One direction for future research would be to itigese the
implementation of norms in JACK Teams. One suggesigproach [11]
uses explicit team contracts that specify requiredaviour of each member
of a task team as well as synchronisation requinegnbetween members.
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Team contracts can be said to provide agents witlex@ression of joint
intention.

Also of interest is the problem of incomplete imf@tion. By way of
example, in the operation of agent-controlled unmeainaerial vehicles
(UAVs) there may be periods when communication nigpassible or is
deliberately not used. All the theoretical framekgordiscussed assume
perfect communication. It would thus become neagssa revisit this
assumption.
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