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Abstract

Information systems for supporting the fluid organizations of the 21% century must be correspondingly
open and agile, able to automatically configure themselves out of heterogeneous system components,
accommodate the dynamic exit and entry of hitherto unknown participants and maintain system stability
in the face of limited trust. This paper introduces the concept of Contractual Agent Societies (CAS) asa
metaphor for building such open information systems. CAS are open information systems where
independently devel oped agents configure themselves automatically through a set of dynamically
negotiated social contracts. Socia contracts define the shared context of agent interactions, including
ontologies, joint beliefs, joint goals, normative behaviors, etc. In addition, they specify classes of
associated exceptions (deviations from ideal behavior) together with associated prevention and resolution
mechanisms. A research agenda for devel oping the infrastructure that will enable the construction of
practical CASisdiscussed. Significant aspects of that infrastructure include alanguage and ontology for
representing social contracts, as well as the definition of agent architectures capable of negotiating social
contracts and adapting their behavior accordingly.
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1. Introduction

An increasing number of applicaion danains are dharaderized by the neal for organizations that have
never worked together in the past to beame partnersin atransadion, task or misson and to begin to
work together effedively in a matter of hours, minutes, or even seands. Information systems for
suppating such damains must be correspondngly open and agil e, able to quickly (and, idedly,
automaticdly) configure themselves out of heterogeneous g/stem comporents. Examples of thistrend
include international coalitionforces and dsaster recvery operations in the milit ary domain [Coa99] and
open marketplaces and virtual supdy chainsin the dedronic commercedomain [Fis96, Tsv96).

Multi-agent systems (MAS) represent one of the most promising approaches for creding open
information systems because of their ability to use multi-agent coordination protocolsto dynamicdly self-
organize themselves as their problems and constituent agents change [Jen96]. Nevertheless most agent
architedures proposed to date ae dosed, in the sense that their agents canna easily interoperate with
agents developed for diff erent architectures.

One important reason why automatic rurttime interoperability is difficult isthe existenceof significant
implicit (hard-coded) shared context among the members of multi-agent architedures. Members of a
closed multi-agent system rely for their interaction ona number of agreements on pdicies, protocols,
shared fadliti es, etc., typicdly made during design time and incorporated in the agent code. In arder for
heterogeneous agents to dynamicdly interoperate, thisimplicit social interaction context has to be
explicitly communicated among them and pasbly renegotiated at run-time.

Furthermore, because of limited trust and ladk of control over the adions of independently devel oped
agents, open systems raise isaues of stability and control. In such partially controll ed multi -agent systems
[Bra9q] it isimportant to develop socia control medhanisms that can either discourage agents from
violating their agreed uponinteradion behavior, or deted and resolve violations as they occur.

Based onideas from the study of human arganizations and human societies, we propcse anew metaphar
for buil ding open multi -agent systems, which we cdl contradual agent societies. Contradual Agent
Societies (CAS) are open systems where independently devel oped agents configure themselves
automaticdly and coordinate their behavior through a set of dynamicaly negotiated social contracts,
which define the shared context of agent interadions, and a system of social control, which isresporsible
for avoiding, or deteding and resolving exceptions, that is, deviations from the desirable system behavior.

Thefoll owing sedions describe our vision d CAS in detail, lay out aresearch agenda for achieving this
vision, report on ou current progressin bulding prototype CAS architedures and dscussrelated work.

2. A Motivating Scenario

This dion makes our vision d automatic run-time interoperabilit y concrete through a motivating
scenario drawn from the domain of eledronic commerce Foll owing that, the Contradua Agent Society
metaphar isintroduced as a powerful tod for identifying what is needed to achieve thiskind o
interoperability.

Our market-based econamy is charaderized by a proliferation o diff erent kinds of markets with widely
different rules and regulations. Human buyers and sell ers are entering and leaving marketplaces at will, in
seach for quality merchandise and services, aswell asa “good dced”. In ead marketplace they adapt
their behavior acarding to the gplicable rules and regulations. These rules and regulations gedfy the
context of interadions within that marketplace



Let usimagine that we could buld systems in which software agents are cgable of moving from
marketplaceto marketplace dynamicdly adapting their behavior acording to the explicitly stated rules
of the marketplace ad interading with ather, independently devel oped agents withou the need for
manual code modificaions. Then, scenarios, such as the following could take place

An eledronic investor agent A isinterested in locaing and forming a virtual partnership with another
investor agent B and areliable stock intelli gence ayent C. Theideaisthat A and B will exclusively hire
the services of agent C for aminimum timeinterval T. A and B will jointly pay the “salary” of agent C.
A isprepared to cover upto 2/3 of the salary in exchange for getting priority in the handing of its
reguests.

Agent A does nat know beforehand any agents who might agreeto play theroles of B and C. Fortunately,
anumber of open agent-based marketplaces exist onthe Web. The purpose of these marketplacesisto
enable aentsto locae and form relationships with ather agents. Each marketplaceprovides diff erent
fadliti es and suppats very different rules of interadion.

CNET is an eledronic marketplacethat suppats avariant of the mntrad net protocol [Smi8Q] in arder to
help agents locae one anather. MarketplaceCNET off ers the following fadliti esto its members:

- Matchmaker agent. All new members must register themselves with the matchmaker. To locae
ancther member of the marketplace members must send a RFB (Request For Bids) message to the
matchmaker, describing the requested service The matchmaker then broadcasts the request to all
patentially €li gible members. Interested members may then contad the sender diredly by sending it a
BID message. The matchmaker is freeof charge for all membersin “goodstanding” (seebelow).

- Notary agent. Once ar acceptable bid has been recaved, the two parties can start communicaing
diredly, or else negotiate and form a wntrad through the natary service The marketplace darges a
feefor the formation o contrads. The benefit of forming contradsis that the marketplacethen off ers
anumber of “legal” guarantees. For example, if a contrad is unil aterally cancded by one of the
parties, the notary serviceinforms the reputation agent. Also, if a ontrad is breaded, the notary
informs bath the reputation agent and the matchmaker. Members resporsible for breading more than
N contrads lose their “goodstanding” with the marketplace As a mnsequence, they are banned from
further use of the matchmaker.

- Reputation agent. The reputation agent stores information abou the history and status (completed,
cancded, lreaded, etc.) of al contrads formed by members of the marketplace Members of the
marketplacemay consult the reputation agent for afeein order to dedde the trustworthinessof other
potential partners. The reputation servicerecaves its data diredly from the notary agent andis,
therefore, completely under the antrol of the marketplace

If agent A deddesto use marketplaceCNET, the following would be alegal sequenceof adionsthat it
would haveto performin order to form the desired partnership with agents B and C within the context of
that marketplace

- Get information abou the rules and conventions of marketplaceCNET
- Register itself with the matchmaker

- Sendan RFB message to locae aposdble partner B

- Sendan RFB message to locate an information agent C

- Recevehids

- Chedc thereputation d prospedive partners B and C



Negotiate and form a partnership contrad with B and C
Start transading!

Suppaese that agent A is unsuccessul in locaing appropriate partners within marketplaceCNET. Its other
aternative isto visit marketplaceAUCT, which is based onthe auction model. MarketplaceAUCT offers
the foll owing fadliti es":

Auction kroker. Seller agents register with the auction troker. Buyer agents bid for hiring the services
of avail able sell ers using the English auction protocol. Sellers edfy the terms of contrads they
would be willi ng to accet beforehand. The only item that is up for bidding isthe price

Notary agent. The natary agent automaticdly creaes a contrad between the winner of an auction and
the respedive sell er agent. It charges both perties afeefor the mntrad and provides legal guarantees
identicd to those of marketplaceCNET.

Reputation agent. Works in avery similar way to the reputation agent of marketplaceCNET.

Agent A would haveto behave in avery diff erent way within marketplaceAUCT in arder to form the
desired partnership. The foll owing is one plausible sequence of adions:

Agent A informsitself of the rules and regulations of marketplaceAUCT

Agent A queriesthe auction broker abou alist of stock intelli gence ajents which are arrently

avail able for exclusive hire

Agent A uses the reputation agent to inquire abou the trustworthinessof these ayents

Agent A seleds a stock intelli gence agent and kdsfor it

Agent A wins the auction and (by default) forms a mntrad with C

Agent A drafts a mntrad that off ers the spare cgadty of C for hire and registersit with the auction
broker

Agent B succesdully bids for the spare cgadty of C

A new contrad isformed between A, B and C

Agent-based systems capable of suppating the above scenario will bring agent-mediated eledronic
commerce and virtua organizations to awhale new level. However, the scenario presuppases a number
of cgpabiliti es that current agent-based systems still | adk:

The aility for marketplaces CNET and AUCT to describe to agents A, B and C sufficient
information abou their rules of interadion, regulations, fadliti es and “legal guarantees’. The dove
plain English description o ead marketplaceprovides a goodill ustration d the richnessof the
information that may need to be @mmunicaed.

The aility for agents A, B and C to understand thisinformation (passbly negotiating some of its
terms) and adapt their behavior acordingly

The aility of marketplaces CNET and AUCT to ad as “legal authorities’ capable of enforcing the
contrads formed by their members and “purnishing” (e.g. through reputation lossand eventual
banishment) potential violators.

! In the foll owing discusson, we will refer to agents who offer their services for hire & seller agents and to agents
who are interested in hiring the services of other agents as buyer agents.



3. Contractual Agent Societies

The Contractual Agent Society metaphor provides a powerful tool for identifying the computational
elements needed to achieve the above vision in a comprehensive way.

The concept of Contractual Agent Societies has been inspired by the work of a number of organizational
theorists, economists and interactionist sociologists, who model organizations and social systems after
contracts. From a contractual perspective, organizations are seen to be sets of agreements for satisfying
diverse interests of self-interested individuals [Cye63, Jen76]. Social order, therefore, emerges out of
continual negotiation over the rights and duties of the participants [Str78].

New agent issi Ci ity formation Regulated transaction

-n -“ Mutu:slly untrusted
agen

trusted

Socializati Reputati agents
ocialization eputation
service Notary Matchmaker service

Active

@ U contracts
(4

Contract Repository

Figure 1. Conceptual architecture of a Contractual Agent Society version of marketplace CNET.

A Contractual Agent Society (CAS) isamulti-agent system where coordinated social activity emerges out
of a set of negotiated social contracts (social norms) enforced through mechanisms of social control
(social institutions).

Contractual Agent Societies define a general set of principles for devel oping heterogeneous multi-agent
systems rather than a specific architecture. These principles can be summarized as follows:

- Socia contracts specify al elements of a CAS that govern the interaction of a member with the rest of
the society. Intuitively they define the rights and obligations of an agent relative to the society. They
include beliefs, values, objectives, protocols and policies that two or more agents agree to obey in the
context of asocia relationship. Therich literature on elements and processes of social systems (see,
for example, [Loo60, Gid96]) is a useful source of insights for identifying and representing the
various elements that need to be included.

- New agents are admitted to an existing CAS through a process of socialization. During the process of
socialization, the applicant agent negotiates with existing society members (or their representative)
the terms of a social contract that defines the membership of the new agent in the society. Asaresult
of the negotiation, the socia contracts of existing members may have to be renegotiated as well.



- Members of a CAS may form additional communiti es (sub-societies) within the mntext of a CAS.
Communiti es are formed by negotiating additional social contrads, which define the terms of agent
interadionwithin the community. Such contrads must inherit al palicies negotiated between the
community members andthe CAS.

- A medhanism of social control may be negotiated as part of the social contrad. The mechanism
defines various classes of exceptions (deviations from the ayreed “normal” behavior) and may spedfy
sanctions for some or all of them. In addition, it spedfies a mutually acceptable party (typicdly the
system infrastructure) whois given the authority to enad the mechanism and its associated sanctions.

Asan example, Figure 1 depicts one passble anceptual architedure of marketplaceCNET acarding to
the principles of CAS.

The marketplaceitself consists of a set of homogeneous and mutually trusted agents, including the
matchmaker, the sociali zation agent, the natary agent and the reputation agent. In order for (passbly
heterogeneous and urtrusted) agents A, B and C to join the marketplace they would first have to
negotiate social contrads with the sociali zation agent. These contrads would spedfy detail s sich asthe
avail able fadliti es of the marketplace(matchmaker, natary, reputation agents), the protocols for
interading with ead of them, and the social control padlicies of the marketplace(contrad cancdlation
pdlicy, contrad bread pdicy). Social contradswill be validated by the notary agent and stored in its
contrad repository.

Once ‘inside” the marketplace agents A, B and C will make use of the matchmaker in order to locate one
ancther. After they locate one anather, they will use the exad same language they used to interad with
the sociali zation servicein order to negotiate anew social contrad, which will define their partnership (as
a ommunity within the marketplace. The negotiationwill be mediated by the notary agent, whowill also
be resporsible for storing the cntrad and resolving potential disputes. The new contrad defines the
terms of the partnership. Becaise the new contrad is formed within the context of marketplaceCNET, it
inherits all the palicies of the marketplace such as the sanctions that CNET imposes for contrad
cancdlation and contrad bread. Oncethe new contrad has been completed, agents A, B and C can begin
transading. The natary service, onthe other hand, will be keeguing an “eye” of them and will apply the
prescribed sanctionsin case the wntrad is cancded o breaded.

The metaphar of Contractual Agent Societies reduces the chall enge of interoperabilit y and control of
heterogeneous multi -agent systems to that of acdhieving the foll owing two technicd objedives:

- Development of expresdve languages for representing the various elements of social contrads
- Development of agentswho are cgable of negotiating social contrads and adapting their behavior to
the terms of those contrads.

In the next sedion, we propcse apragmetic research agenda for achieving both these objedives.

4. A Research Agenda for developing Contractual Agent Societies

The development of an expresdve language and ortology for representing social contradsis central in
making the Contradual Agent Society (CAS) visionaredity. Of course, such alanguage will nat be of
much use, urlessagents can understand it and adapt their behavior acardingly. The development of
agent architedures with such cgpabiliti esis, therefore, a secondimportant element of the CAS vision.

The foll owing sedions describe eat o the ébove comporents of our visionin more detail .



4.1 Languages and ontologies for representing social contracts

Contracdual Agent Societies use social contrads as avehicle both for communicaing shared context
among heterogeneous agents, as well as for enabling socia control. Intuitively, a mntrad isajoint
commitment of a number of partiesto form asocia relationship and adapt their current and future
behavior in acmrdancewith the mntrad clauses. A contrad consists of one or more cntrad clauses. A
contrad clause defines general commitments, which apply to al of the amntrading parties, or role-specific
commitments, which apply only to a subset of the mntrading parties, acording to their rolein the
relationship.

Definition: A contrad clauseisarelation C(x, ¢, b, s) where x isthe set of contrading agents, cisthe
context group, b isthe body of the mntrad and sisthe mntrad state transition graph.

The dove definition d contrad is related to the nation d social commitment [Cas95, Jen93,Sin99. One
important distinction, havever, isthe fad that in CAS, there is no guaranteethat the mntrading parties
will abide by the rules of a mntrad. Therefore, some mechanism of social control is needed to discourage
deviation from the agread behavior and, if nealed, to “purish” violators and restore order. The nation d a
contrad state transition graph, explained below, providesthe amnnedion between a mntrad clause and
social control.

Contrads are first-classobjeds. One important attribute of a contrad isits state (creaed, dscharged,
cancded, revised, delegated, expired, kreadied, etc.). From asocial perspedive, some states are desirable,
some ae undesirable and some ae neutral. The essenceof socia control isto provide incentives that
influence ®ntrad participants to maintain a cntrad in ore of the desirable states, whil e refraining from
causing the state of the cntrad to enter one of the undesirable states.

Incentives are operationali zed through sanctions (paositive and regative) that are enaded whenever a
contrad enters certain states. Typicdly, sanctions reward or purish agentsthat are deamed resporsible for
the state change. To enable social control, a mntrad clause needs to spedfy a state transition graph
defining the possble states of the dause, the precondtions for ead state transition and the associated
sanctions. For example, Figure 2 shows the state transition graph d the mntrad formed by agents A, B
and Cinthe scenario of Sedion 1.2.1.The graphisrepresented as a set of state transition rules, such as
the one shown in Figure 3.

In the cae of contrads with multi ple dauses, eat clause may have its own state transition graph. In
addition, the entire contrad has a distinct state transition graph, which is usuall y afunction o the
transition graphs of its clauses (e.g. “a contrad is breaded if any of its clauses are breaded”).
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Figure 2: Example contract state transition graph.

The following rule governs the cancellation of the contract. The contract
is considered cancelled if any of the contracting parties sends a cancel
message to the notary before the agreed contract expiration time. The
notary then enacts conversation-cancel, which informs all parties of the
cancellation. Finally, it reports the party who initiated the cancellation
to the reputation server.

Ne Ne Ne Ne N N

(transition—-rule tt2
:current-state ‘valid
:next-state ‘canceled
:triggered-by ‘(cancel :sender (contracting-party ?x)
:content (contract THIS-CONTRACT))
:preconditions (and (< (current-time) CONTRACT-EXPIRATION-TIME)
(successfully-completed conversation-cancel))
:sanctions ((transmit (contract—-canceled :to REPUTATION-AGENT
:content ((agent ?x) (contract THIS-CONTRACT))))))

Figure 3: Example state transition rule.

Because of limited trust among the contracting parties, the authority for enacting the state transition graph
and its associated sanctions is conferred to a mutually trusted context group, which is normally distinct
from the contracting parties. The context group commits to maintain an authoritative representation of the
current state of a contract and apply the associated sanctions in accordance with the specified contract
state transition graph.

Finally, the body b of a contract can be either:

- aset of contract clausesC’ (X', ¢’, b', s), wherex O xandc¢ O c, or
- aprimitive clause

A primitive dause represents an element of the social relationship that all contracting parties promise to
adhere to. One important objective of our work is to better understand what the various classes of useful
social elements are, as well as to devel op elegant notations and ontol ogies for representing them. Once
again, we are finding that the work of sociologists on identifying the core elements and processes of



social systems[Loo6(Q can provide useful insights. Some examples of “elements of social relationships’
that would be nealed to describe various aspeds of the social contrad of agents A, B and C include:

- Bédliefs. Fadual agreaments that contrading parties commit to add to their beli ef repasitory. For
example:

(beliefs

(CONTRACT-EXPIRATION-TIME 100000)
SUBCONTRACTOR-SALARY 100)
SALARY-FREQUENCY 100)
SALARY-PAID-BY-A 70)
SALARY-PAID-BY-B 30))

—~ e~~~

- Objedives. Outcomesthat all contrading parties agreeto achieve or maintain. For example: “the
subcontrador will respondto any message sent by A or B within time interval t”.

- Sacial (organizational) values. Jointly held statements of what is considered important in this
relationship. This can be formulated by assgning utility valuesto the various contrad objedives or
simply by spedfying a partial ordering indicating preferences. For example, the statement “requests
by A will always be given higher priority than requests by B” can be expressed by a preference
relationship between two previoudly defined ohjedives:

(PREFERRED (RESPOND-ON-TIME A) (RESPOND-ON-TIME B))

- Conversation protocols (norms). Descriptions of legal message types and sequences for spedfic
conversations defined by the mntrad.

- Policies. Other restrictions on behavior, espedally restrictions that refer to ather social elements. For
example: “all contrads formed within marketplaceCNET must inherit the standard state transition
graph (i.e. the standard pdicies regarding contrad bread and contrad cancdl ation) suppated by the
marketplace”

4.2 Principlesand architecturesfor Contractual Agents

Contradual Agent Societies (CAS) will allow agents with dff erent internal architeduresto interoperate
through the negotiation o social contrads. Although the spedfic internal architedure of CAS agentsis
naot defined, in order for two or more ayentsto participate in this <heme, they must:

- suppat amutually compatible protocol for negotiating social contrads
- be cagable of adapting their behavior in order to obey the terms of the agreed social contrad

The ove two capabiliti es constitute the minimum “cost of admisdon” for agentsin CAS. One important
objedive of our work isto propacse agent architedures cgpable of satisfying the éove requirements and
explore how such architedures extend a otherwise relate to a number of establi shed agent architedures,
such as BDI [BraB88, Geo87]. To increase the pradicd impaa of our ideas, we would also like to explore
how existing agents can be extended with capabiliti es that enable them to participatein CAS.

In the general case, creding an agent, which is capable of adapting its behavior acarding to any possble
term of any social contrad seemsto be adifficult problem. Nevertheless we beli eve that we can identify
useful classes of agents with restricted adaptation and negotiation capabiliti es and provide spedficaions
and toalkits for buil ding them.



At the limit, any agent can be turned into a CAS agent by manually constructing a non-negotiable social
contrad that describes the agent’ s hard-coded interadion capabiliti es and by adding an interfacethrough
which the agent communicates that contrad to ather CAS agents. Althowgh ather CAS agents cannat
negotiate any term of the cntraa (they have to either accept it asisor rgjed it) even this smple scheme
may allow arigid legacy agent to participate in a contradual society if the other participants are flexible
enough.

It isour hypothesis that between the “completely rigid” agents, such as the one described above, and
“completely flexible” agents, lie several useful levels of flexibility for which relatively simple
implementations are posshle. Agent flexibility can be dharaderized in terms of (a) the types of social
contrads that the agent is cgpable of suppating and (b) the degreeto which the agent is cgpable of
negotiating the terms of these mntrads.

We intend to explore the spaceof agent flexihility, identify interesting regions and provide both
architedures for building such agents, as well as guidelines for extending “legacy” agentsinto CAS
agents of the spedfied flexibility level.

5. Current Status

We have devel oped a prototype open agent marketplacethat embod es the principles of CAS. Our
marketplace @ables independently developed agents to med and transad using the cntrad net protocol.
Our emphasisin thisinitial experiment wasin developing the social control aspeds of the achitedure.
More spedficdly, we have asumed that the interadion protocol itself was fixed, while agents could
negotiate the extent to which the marketplacewill exert social control.

When an agent joins our marketplace it must register with aregistrar resporsible for assgning it a
sentinel that will mediate dl of the agents’ further interadionswith ather agentsin the system. The agents
so ‘wrapped’ can include problem solving agents as well as comporents sich as matchmakers that
suppat the protocols they enad.

Sentinels are the central element in this approacdh. They can be viewed as “commitment monitors’ whaose
roleisto observe andinfluence ayent behavior as necessary to ensure the robust functioning of the system
asawhae. Each sentinel ads as an interpreter for the state transition graphs of all commitments that its
asciated agents are aurrently engaged in. Aswas discussed in Sedion 4.1 ,the state transition graph o a
socia contrad describes the dharacteristic exceptions and associated hand ers for the protocol (s) enaded
by the ayentsin that MAS. Sentinels monitor message traffic to developamodel of the commitments
their agent(s) areinvolved in, use the gpropriate anticipation and/or detedion hendersto urcover when
these commitments are violated, dagnose the underlying causesto identify the gopropriate avoidance
and/or resolution hand ers, and enad these handlersto help re-establi sh the violated commitments, or at
least minimize the impad of them having been violated. Ancill ary services sich asthe mntrad notary
and reputation server keep tradk of global state information such as commitment structures and reli ability
statistics.

Whenever agents form new contrads, they are cgable of negotiating to what extent sentinels will
monitor their adivities, aswell asthe range of exception handlers that sentinels will enad in order to
deted and resolve deviations from optimal behavior.



Let us consider, for example, how this approach can hande the undesirable dfeds of non-deterministic
agent deah (because of bugs or infrastructure isaues) in CNET. Sentinels can use the hand ers described
above to deted and resolve this exception as foll ows:

¢ Whenever a mntrador sends an award message to a subcontrador, the subcontrador’s entinel makes
anote of this commitment and ensures (by periodic palli ng) that the subcontrador is dill functioning.
The montrad notary is also informed abou the cmmitment between the two agents.

¢ If the subcontractor appeasto have died, its sntinel then instructs the matchmaker to remove the
dea subcontrador from its database, and dredsthe contrador to re-start the bidding processfor the
task previoudly all ocaed to the deceaed agent. The sentinel also queries the wntrad notary to seeif
the dead subcontrador had awarded any subtasksto ather CNET agents; if so, these agents are
instructed to cancd these ‘orphaned’ tasks. Finally, the sentinel informs the reputation server of the
subcontradors’ deah in order to updhte the reliabilit y statistics for that agent in case it shoud re-join
the MAS at some later time.

We have implemented and empiricdly evaluated a simplified subset of these services applied to the ayent
deah exceptionfor CNET. Our results have shown that the sentinel architedure substantiall y out-
performed the widely-used ‘ survivalist’ exception handling technique (timeout and retry), with
comparable ayent complexity. In ore experimental condtion, for example, the sentinel-based social
control reduced average task completion times, when agent deah occurs, by afador of nealy four
[Del0Q.

Our next round d experiments will t ake this paradigm one step further, suppating agentswho, in
addition to the social control mechanisms present in the system, are dso able to negotiate the detail s of
the wreinteradion protocol itself.

6. Related Work

The CAS metaphar views multi-agent systems as ocieties of heterogeneous, self-interested participants,
where oordinated behavior emerges through a nexus of social contrads, enforced by a system of social
control. Thisviewpaint isinfluenced by the work of organizational theorists and econamists, who employ
asimilar contracual perspedivein order to explain human organizations and firms [Cye63, Jen7§].
Similar ideas have been propased by interadionist sociologists, naably Ansell Strauss[Str78]. Strauss s
“negotiated order” approach shows that many organizations that seam to be stable, functionall y ordered
systems are, in fad, products of continual negotiation over the rights and duies of the participants.

Severa reseachers have aldressed the need for introducing social conceptsin the design of multi-agent
systems. Gassr [Gas91] describes some of the sociologicd isaues underlying multi -agent systems. The
concept of socia commitment has been studied by a number of reseachers, naably Castelfranchi [Cas95]
and Singh [Sin99. Our nation d socia contrad relates to their work, in that it defines a mntrad as a set
of social commitments, which involve awitnessor context group.We extend the definition d Singh in
that social contrads gedfy a number of diff erent elements of social interacion (beli efs, goals, adions) as
oppcsed to just goals. In fad, identifying and developing representations and ortologies of the various
elements of shared interadion context is an important objedive of our research. Furthermore, our
definition defines the role of the context groupmore predsely and relates it to contrad enforcement.
Jennings [Jen93 has introduced the nation o convention, as ways of reasoning about commitments. The
state transition graph associated with social contrads extends Jennings' nation o convention and
introduces the nation d sanctions. Whereas Jennings assumes that agents will foll ow conventions, no
such guaranteeis asaumed by our approad. In contrast, social contradsintroducethe notion d social
cortrol, defined asa mntrad, on kehalf of the context group,to enad the state transition graph and its
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asciated sanctions. A final, andimportant, distinction d the nature of our work isthat our objediveis
not only to propase theoreticd definiti ons of contrads and commitments, but also to develop pradicd
languages and ortol ogies for representing their various elements.

Languages for expressng contrads and commitments are not very useful, unessagents are caable of
understanding them and adapting their behavior accordingly. This requires the development of theories
and architedures of social or normative agents. Early work in namative aggents has been of an
experimental nature and for the purpose of social simulation[Car94]. In these types of systems, nams are
built-in constraintsin the agent’ s architedure. Shoham and Tennenholtz [Sho99 propose the ideaof
computational social laws for the purpose of reducing agent coordination a transadion costs. However,
in their work, these laws are “computed” off-line aad built i nto the agent architecure.

To thisdate relatively little work has been dorein the diredion d normative agents, which are caable of
explicit communicaion d their norms and correspondng adaptation d their behavior [Con99. Krogh
[Kro96] argues for the necessty of agents with namative paositionsin open architedures, such asthe
Internet. Castelfranchi et. al. [Cas99] define deli berative normative ayents as agentsthat are &leto
behave deliberately on the basis of explicitly represented nams. However, orce ajain, whereas [Cas99)
only presents conceptual architedures for building such agents, our intentionisto develop operational
prototypes. One alditional novel asped of our proposal is our definition d the spaceof agent flexibility
(seesedion 1.3.2 and our intention to identify useful regions and agent architedures within that space

Barbuceau [Bar99] developed systems where agents coordinate by exchanging information abou
obliged and forbidden behavior at run-time. He has devel oped languages for representing agent
ohligations and conversation pdicies, aswell as operational prototype systems. Our work is smilar, in
spirit, to his approach and simil arly focuses on developing languages and operational prototype systems.
Our nation d contrad generali zes his nation d obligations, interdictions and conversation pdicies. In
addition, ou work emphasizes the spedfication and development of pradicd mecdhanismsfor contrad
enforcement in the faceof limited control over the system participants, whereas [Bar99] simply mentions
the existence of “costs’ assciated with violations and daes not spedfy any mechanism for enforcement.

References

[Bar99] Barbuceawu M., Gray T., Mankovski S. The Role of Obligationsin Multiagent Coordination. Applied
Artificia Intelli gence 13 (1-2), Jan.-March 1999, pp. 11-38.

[Bra99 Bradshaw J., Greaves M. chairs. Workshop an Spedfying and Implementing Conversation Policies.
Third International Conference on Autonomous Agents, Sedtle, WA, May 1-5, 1999

[Brage] Brafman R.1., Tennenholtz M. On Partially Controll ed Multi-Agent Systems. Journal of Artificial
Intelli gence Research 4, 1996 pp. 477-507

[Bra38] Bratman M.E., Israd D.J., Polladk M.E. Plans and resource-bounded pradicd reasoning.
Computationa Intelligence4, 1988 pp. 349-355

[Car94] Carley K.M., Prietula M.J., editors. Computational Organization Theory. Lawrence Erlbaum
Asgciates, Hill sdale, NJ, 1994

[Cas95] Castelfranchi C. Commitments: From individual intentions to groups and organizations. Proceedings
of the First International Conference on Multi-Agent Systems (ICMAS), San Francisco, California,
June 1995 pp. 41-48.

[Cas99] Castelfranchi C., Dignun F., Jonker C.M., Treur J. Deliberative Normative Agents: Principles and
Architedure. Proceadings of the Sixth International Workshop an Agent Theories, Architedures, and
Languages (ATAL-99), Orlando, FL, July 15-17, 1999

11



[Con99]

[Cye63]
[Del00]

[Fiso6]

[Gas91]

[Geo87]

[Gid9§]
[Jen93]

[Jenog]

[Jen76]

[Kle9d]

[Kro9q]

[Loo6q

[Sho95]

[Sin9g]

[Smigq]

[Str7§]

[TsvO6]

[Tsvo7]

Conte R., Falcone R., Sartor G. Agents and Norms: How to fill the gap? Artificial Intelli gence and
Law 7 (1), March 1999 pp.1-15.

Cyert RM., March J.G. A Behavioral Theory of the Firm. Prentice-Hall, Englewood Cliffs, NJ, 1963

Dellarocas C., Klein M. An Experimental Evaluation of Domain-Independent Fault Handling Services
in Open Multi-Agent Systems. Proceedings of the International Conference on Multi-Agent Systems
(ICMAS-2000, July 200Q Boston, MA.

Fischer K., Muller J.P., Heimig |., Schee A.-W. Intelli gent agentsin virtual enterprises. Procealings
of the First International Conference on the Pradicd Applicaion of Intelli gent Agents and Mullti -
Agent Technology (PAAM’96), Bladkpod, UK, pp.205-23.

Gas=r L. Socia conceptions of knowledge and adion: DAI foundations and open system semantics.
Artificial Intelli gence43 (1), 1991, pp. 107-138

Georgeff M.P., Lansky A.L. Readive reasoning and planning. Proceadings of the Sixth National
Conferenceon Artificial Intelli gence (AAA1-87), Sedtle, WA, 1987, pp. 677-682

Giddens A. Introduction to Sociology. W.W. Norton & Co., 1996

Jennings N.R. Commitments and conventions: The foundation of coordination in multi-agent systems.
Knowledge Engineering Review 2 (3), 1993 pp. 223-250.

Jennings N.R., SycaraK. and Wooldridge M. A Roadmap of Agent Research and Development,
Autonomous Agents and Multi-Agent Systems 1 (1), 1998 pp. 7-38.

Jensen M.C., Medling W.H. Theory of the firm: Managerial behavior, agency costs and ownership
structure. Journal of Financial Economics 3, 1976 pp. 305360.

Klein M., Dellarocas, C. Exception Handling in Agent Systems Proceedings of the Third International
Conference on Autonomous Agents, Sedtle, WA, May 1999 pp. 62-68.

Krogh K. The Rights of Agents. In Wooldridge M., Mller J. and Tambe M. (eds): Intelli gent Agents
Il - Proceadings of the 1995Workshop an Agent Theories, Architedures and Languages (ATAL-95),
Ledure Notesin Comp. Science, Springer-Verlag, 1996 pp. 1-16.

Loomis C.P. Social Systems: Essays on their Persistence and Change. D. Van Nostrand Company,
Inc., 1960

Shoham Y ., Tennenholtz M. Socia Lawsfor Artificial Agent Societies: Off-line Design, Artificial
Intelli gence 73 (1-2), February 1995 pp. 231-252

SinghM. An Ontology for Commitmentsin Multiagent Systems: Toward a Unification of Normative
Concepts. Artificial Intelligence and Law 7 (1), 1999 pp. 97-113

Smith R.G. The mntrad net protocol: highlevel communicaion and control in adistributed problem
solver. IEEE Transadions on Computers 29 (12), December 198Q pp.11041113

StraussA. Negotiations: varieties, contexts, processes, and social order. Jossy-Bass San Francisco,
Ca, 1978

Tsvetovatyy M.B., Gini M. Toward avirtual marketplace architedures and strategies. Proceedings of
the First International Conference on the Pradicd Applicaion of Intelli gent Agents and Multi-Agent
Tednology (PAAM’96), Bladkpod, UK, pp. 597-613

Tsvetovatyy M.B., Gini M., Mobasher B., Wiedowski Z. MAGMA: An agent-based virtua
marketplacefor eledronic commerce. Applied Artificial Intelligence 11 (6), 1997, pp. 501-524

12



