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Abstract. The architectureof a multi-agentsystemcan naturallybe viewed as
acomputationabrganisationFor this reasonwe believe organisationabbstrac-
tionsshouldplay acentralrole in theanalysisanddesignof suchsystemsTo this
end,the conceptof agentrolesandrole modelsareincreasinglybeingusedto
specifyand designmulti-agentsystemsHowever, this is not the full picture.In
this papemweintroducethreeadditionalorganisationatoncepts— organisational
rules,organisationastructuresandorganisationapatterns— thatwe believe are
necessarjor thecompletespecificatiorof computationabrganisationsWe view
theintroductionof theseconceptsasa steptowardsa comprehensie methodol-
ogy for agent-orientedystems.

1 Intr oduction

Autonomousagentsandmulti-agentsystemg{MASs) arerapidly emeging asa power-
ful paradigmfor designinganddevelopingcomplec software systemsHowever, asis
the casewith ary new softwareengineeringparadigmthe successfuandwidespread
deployment of MASs requiresnot only nev modelsand technologieshut also new
methodolgiesto supportdevelopersengineersuchsystemsn a robust, reliable,and
repeatabldashion.In the last few years,therehave beenseveral attemptsto develop
suchmethodologiesHowever, mostof this work is eithertunedto specificsystemsand
agentarchitecture$9, 4] — thusit lacksgenerality— or it is definedasan extension
of existing object-orientednethodologie$14] — thusit exploits abstractionghatare
unsuitableor modellingagent-basedystems.

Againstthis backgroundpnly afew proposalsxist thatattemptto definecomplete
and generalmethodologiesspecificallytailored to the analysisand designof MASs.
Onesuchmethodologyis Gaia[32]. Gaiaviews the proces®f analysinganddesigning
multi-agentsystemsas one of constructingcomputationabrganisationsThus, multi-
agentsystemsareviewedasbeingcomposeaf a multitudeof autonomousdgnteracting



entities(an organisedsocietyof individuals)in which eachagentplaysone (or more)
specificroles In particular Gaia, like a few other agent-orientednethodologieq9,

7,16], suggestslefiningthe structureof a MAS in termsof a role model This model
identifiestherolesthatagenthaveto play within theMAS andtheinteractionprotocols
in which thedifferentrolesareinvolved.

Theadoptionof arole modelasthemainorganisationaabstractiormakestheabove
mentionednethodologymostly targettedat MASs in which theagentsarecooperatie
andin which the systemis closed However, in orderto dealwith systemghatinvolve
self-interestecgentsoperatingin anopenervironment,we believe thatadditionalor-
ganisationabbstractiondhave to be introducedin a methodology[33]. In particular
we believe thatorganisationalrules, organisationalstructues andorganisationalpat-
ternsmustalsoplay a primaryrole in theanalysisanddesignof MASs. Organisational
rulesexpressgeneralglobal (supra-roleyequirementgor the properinstantiationand
executionof a MAS. An organisationaktructuredefinesthe specificclass(amongthe
mary possibilities)of organisatiorandcontrolregimeto whichtheagents/rolebave to
conformin orderfor the whole MAS to work efficiently andaccordingto its specified
requirementsOrganisationapatternsexpresspre-definedand widely usedorganisa-
tional structureghat canbe re-usedrom systemto system(in a mannersimilar to the
way cataloguef patternsare widely exploited in the designof object-orientedsys-
tems)[11].

In this paperwe shav, with theaid of two applicationexamplesthatadoptionof the
above organisationahbstractionganleadto amethodologythatis applicableto awide
spectrumof agentsystemsWe alsobelieve that the introductionof high-level organi-
sationalabstractionganleadto more clean,manageableandre-usableMAS designs.
Specifically the paperis organisedasfollows. Section2 introduceshe basicconcepts
underlyingagentsand multi-agentsystemsSection3 introduceshe additionalorgan-
isationalabstractiongshat areneededor a methodologyto apply to opensystemsand
motivatestheir adoption.Sectiond4 briefly sketcheshow our organisationahbstractions
canbe exploited during the analysisand designof MASs. Section5 discusseselated
work in this areaand section6 concludesby outlining the openissuesandthe future
researcldirections.

2 Multi-Agent Systemsand Organisations

Agentsare software entitiesthat exhibit autonomousand proactive goal-directecbe-
haviour — their activities arenot subjectto a global flow of controlandthey cantake
theinitiative whereappropriate— andthatarereactiveto changesn the ervironment
in which they aresituated[31,19]. Thesecharacteristicsnake agentsusefulasstand-
aloneentitiesthat are delegatedto accomplisha given task on behalfof a user(e.g.,
personaldigital assistantse-mail filters, or simplerobots).However, in the majority
of casesagentsxist in the context of multi-agent softwae systemswhoseglobal be-
haviour derivesfrom the interactionamongthe constituentagentd13]. In thesecases,
agentsalsoexhibit socialbehaiour; they interactwith oneanothereitherto cooperate
to achieve a commonobjective or becausehis helpseachof the interactingagentsto
achieve their own objectives.



Here,we distinguishbetweentwo main classeof multiple agentsystem:(i) dis-
tributedproblemsolvingsystemsn whichthecomponentagentsareexplicitly designed
to cooperatiely achieve a givengoal,and(ii) opensystemsn which agentshot nec-
essarilyco-designedo sharea commongoal,candynamicallyleave andenterthe sys-
tem.In theformercaseall agentsaareknown a priori, andall agentsaresupposedo be
beneolentto eachotherand,therefore they cantrustoneanotherduring interactions.
In thelattercasethedynamicarrival of unknovn agentsieeddo betakeninto account,
aswell asthe possibility of self-interestedbehaiour in the courseof theinteractions.

2.1 The OrganisationalMetaphor

Thedesignof parallelanddistributedapplicationsaswell asof distributedobjectsys-
tems,usuallyrelieson anarchitecturghatderivesfrom the decompositiorof the func-

tionalities and datarequiredby the systemto achieve its goal, and on the definition
of their inter-dependencief2]. In MASs, however, the autonomousndproactve be-
haviour of theconstituenagentsuggestshatapplicationscanbedesignedy mimick-

ing the behaiour andstructureof humanorganisationsThuseachagentis assigned
specificrole in the system.Thatis, a well-definedtask/responsibilityn the context of

theoverall systemthatthe agenthasto accomplishn anautonomousgashion without
ary centralisectontrol. In this model,interactionsareno longermerelyan expression
of inter-dependenciesatherthey areviewedasa meangor anagentto accomplishits

role in the organisationTherefore interactionsarewell-identifiedandlocalisedin the
definition of therole itself, andthey help characterisehe positionof the agentin the
organisation.

An organisationaperspectie canalsomake the designof the systemlesscomplex
andeasierto managehanmoretraditionalmetaphordor concurrensystemsFirstly,
eachagentbecomesa separatdocus of control, in chage of accomplishingts role
andbeingfully responsibldor it. Secondly sinceagentsypically embedmostof the
functionalitythey needto accomplisttheirrole,inter-dependencieisetweerthesystem
componentarelikely to bereducedWhentakentogetherthesepointseasehe design
processhecausehey leadto a cleanerseparatiorbetweenthe component-leel (i.e.,
intra-agentandsystem-leel (i.e., inter-agent)designdimensions.

A final advantageelatesto thefactthat,in mary casesMASs areintendedto sup-
port and/orcontrol somereal-world organisationFor example,MASs canbe adopted
to supportthe workflow managemenin a teamor to help control the actiities of an
Internetauction.In suchcasesanorganisation-basedAS designreduceghe concep-
tual distancebetweerthe software systemandthe real-world systemit hasto support.
Consequentlythis simplifiesthe developmentof the system.

2.2 An OrganisationalCharacterisation of Multi-Agent Systems

Theorganisationaperspectie leadsto agenerakharacterisatioof aMAS asdepicted
in figure 1 [7,15]. Although somesimpler systemscan be viewed as a single organ-
isation,assoonasthe compleity increasesmodularity and encapsulatiorprinciples



suggessplittingthesystenminto differentsub-oganisationsThus,in mostcasesacom-
plex multi-agentsystemcanbe viewed asseveralinteracting organisations Naturally
agivenagentcanbepartof multiple organisations.

Interaction Medium
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Fig. 1. Characterisatioof a Multi-Agent System

In eachorganisationanagentcanplay oneor moreroles Theroleis whattheagent
is expectedto do in the organisationbothin cooperatiorwith the otheragentsandin
respecbof the organisatioritself.

Often, the role of an agentis simply definedin termsof the specifictaskthat the
agenthasto accomplishin thecontext of theoverall organisationHowever, in ourwork
thenotionof aroleis muchmoreprecisejn thatit givesanagentawell-definedposition
in the organisationwith a setof associate@xpectedbehaiours.

To accomplishtheir role in the organisationagentgypically needto interact with
eachotherin orderto exchange knowled@ and coodinatetheir actiities. Therefore,
the conceptof inter-agentinteractionsis strictly relatedto the role of an agent.lt is
therole thatrequiresa givenform of interaction. Evenmorepreciselyanagentby the
very factthatit playsa givenrole andhasa well-definedpositionin the organisation,
is committedto certaininteractionprotocolswith the otheragentsin the organisation.
Of course,the needto interactaccordingto specific protocolsrequiresthe presence
of a communicatiommediumbetweenagentsThis canbe eithera traditionalnetwork
infrastructuretypically enforcinga message-passirigteractionmodel,or anotherin-
frastructurepossiblyenforcinga differentinteractionmodel (e.g.,a shareddataspace
enforcinganindirect,data-orientednteractionmodel[12]).

Generallyspeaking,a MAS is immersedin a given ervironmentwith which the
agentsnayneedto interactin orderto accomplisitheirrole. Thisinteractionoccursvia
sensos andeffectors, i.e., mechanismshatenableagentdo senseandeffecta selected
portionof theernvironment.Thatportionof theernvironmentthatanagentcansenseand
effectis determinedy the agents specificrole, aswell asonits currentstatus.



2.3 Exemplar Multi-Agent Systems

Toillustrateour pointsonthe needfor organisationahbstractionsye will considetwo
sampleproblemsthatwill actasrunningexamplesthroughouthis paper

ManufacturingPipeline: As an exampleof a MAS that belongsto the classof dis-
tributedproblemsolvers,we will considera systemfor the control of a manufcturing
processFor example,let us considerthe procesof assemblingpaintingand packing
metalhardware. Typically, sucha control systemcanbe delgyatedto a multiplicity of
agentorganisationseachdevotedto the control of a well-definedportion of the over-
all manufcturingprocesge.g.,theassemblingectionor the paintingsection).Within
eachsectionagentanthenbeassociateavith the controlof aspecifictool in thecon-
trol systemor to the control of a specificconditionthat mustbe assuredo guarantee
thecorrectnessf the process.

In this context, we specificallyconsideramanugcturingpipelinein whichitemsare
transformed/augmentdd.g.,a pipelinein whichmetalitemsarepainted) Here, differ-
entagentanbedevotedto thecontrolof differentstage®f thepipeline(e.g.,anagent
is devotedto controlthe paintspraying,anotheiis devotedto controlthe heattreatment
of the paint,anotherof controllingthe cooling process)Agentsinteractbothindirectly
throughthe ernvironmentanddirectly, throughvariousforms of interactionprotocol.In
suchan organisationtherole of eachagentis that of “stageof the pipeline”,in chaige
of ensuringthat a specificportion of the pipeline works properly (e.g.,that the oven
maintainsa constantemperatureandthat the cooling systemdoesnot cool itemstoo
fast).To this end,agentseedto senseandeffect thatportionof theenvironmentwhich
representshe stageof the pipelineof which they arein chage.In addition,the agents
needto interactto achieve a properglobal functioning of the pipeline (for instance,
by guaranteeing uniform flux of itemsthroughoutthe pipelineandby guaranteeing
thatthe globalflux of item doesnot exceedthe “processingcapabilities”of eachof the
stages).

ConfeenceManagement: As anexampleof anopensystemwe will considemanagent-
basedsystemfor supportingthe managemenof an internationalconferenceSetting
up andrunninga conferences a multi-phaseprocessnvolving severalindividualsand
groups.During the submissiorphaseauthorsof submittedpaperseedto beinformed
thattheir papershave beenreceivedandthey needto beassigned submissiomumber
Oncethe submissiordeadlinehaspassedthe programcommittee(PC) hasto handle
the review of the papers;contactingpotential refereesand askingthemto review a
numberof the papers After a while, reviews are expectedto comein andbe usedto

decideabouttheacceptance/rejectiarf the submissionsAuthorsneedto benotified of

thesedecisionsand,in caseof acceptancanustbe askedto producethe cameraready
versionof their revised papers Finally, the publisherhasto collect the cameraready
versionsrom the authorsandprint thewhole proceedings.

The conferencenanagemenproblemnaturallyleadsto a conceptiorof the whole
systemas a numberof differentorganisationspne for eachphaseof the processin
eachorganisationthe correspondindAS canbe viewed asbeingmadeup of agents
associatedo the personsinvolved in the process(authors,PC Chair, PC Members,



Reviewers). The roles playedby eachagentreflectthe onesplayedby the associated
personn theconferencerganisationThey mayrequireagentso interactbothdirectly
with eachother and indirectly, via an ervironmentcomposedof papersand review
forms. Sincean agentis directly associatedvith a person,andits behaiour canbe
influencedby that person,opportunisticoehaiour canemege in the application.For
example,anauthorcould attemptto review their own paperor a PC Membercouldtry
to dealwith fewer paperghanthey should.In addition,asthe naturalervironmentfor
the MAS is thelnternet— dueto theworld-wide natureof the conferencerganisation
— interactionswith agentsxternalto the MAS itself arelik ely to occur For instance,
areviewer candecideto exploit its own personahgentto interactwith the otheragents
of the organisation.

3 Organisational Abstractions

Organisationatole modelspreciselydescribeall therolesthat constitutethe computa-
tional organisationijn termsof their functionalities,actvities, andresponsibilitiesas
well asin termsof theirinteractionprotocolsandpatternswhich establisithe position
of eachrolein theorganisatior{32,9, 7] . However, suchrole modelscannotbe consid-
eredasthe sole organisationahbstractioruponwhich to basethe entire development
processRather beforethe designprocessactually definesthe role modeland,conse-
quently thewhole organisationa numberof otherstepsneedto be performed Firstly,
theanalysisphaseshouldidentify howthe organisatioris expectedto work. Secondly
the designphaseshoulddefinewhich kind of organisationbestfits the requirements
identifiedin the analysisphase Thirdly, it needsto be determinedvhetherary re-use
of available componentsan be exploited in somepart of the organisationadesign.
Whentaken together this necessitatethe introductionof threefurther organisational
abstractionsorganisationatules (section3.1), organisationabktructuregsection3.2),
andorganisationapatterngsection3.3).

3.1 OrganisationalRules

The analysisphaseaimsto collectall the specificationsandrequirementdor building
theMAS. To this end,it is possibleto identify thebasicskills (functionalitiesandcom-
petences)equiredby theorganisationaswell asthebasicinteractionghatarerequired
for the exploitation of theseskills. However, until the designphasehasdecidedwhich
organisationis mostappropriatefor the system,the identified skills and interactions
cannoffully definetherolesandtheinteractionprotocolsthatwill beplayedin thesys-
tem (i.e., at defininga completerole mode): this would imply an early commitment
to a specificform of organisationlnstead whatthe analysisphasecanfurtheridentify
— evenin the absencef a completerole model— arethe constraintshatthe actual
organisationpncedefinedwill have to respect.
Theimplementatiorand/orexecutionof a computationabrganisatiorwill have to
respect numberof constraintswhoseidentificationcaneither:(i) spreachorizontally
overall therolesandprotocols(or, whichis the samein this context, overtheidentified
preliminary roles and protocols),or (i) expressrelationsand/orconstraintsbetween



roles, protocols,or betweenroles and protocols.For example,in the caseof human
organisations(i) socialcorventionsdefinea setof implicit rulesthatmoderatehein-
teractionsbetweerall memberge.g.,a clerk cannotcontradictor ignorethe commands
of his manager)({ii) compaly specificconventionsmight imposeconstraintson how
differentroleshaveto beplayedin eachof its organisationge.g.,aclerk cannotassume
arole thatwouldimply amemberf themanagingstaf to besomehav subordinatedo
his clerk).

In both casessuchglobal constraintscannoteasily be expressedn termsof in-
dividual roles or individual interactionprotocols.Neverthelesstheir identificationis
importantfor the correctdevelopmentf the systemand,therefore they mustbetaken
into accountby the designemwhenactuallydefiningthe organisatiorof the system.To
capturethis type of informationwe usethe conceptf organisationalrules

Theexplicit identificationof organisationatulesis of particularimportancen the
context of openagentsystemsWith the arrival of new, previously unknonvn, andpos-
sibly self-interestedgentsthe overall organisatiormustsomehav enforceits internal
cohereng despitethe dynamicand untrustworthy environment. The identification of
global organisationatulesallows the systemdesignerto explicitly define:(i) whether
andwhento allow newly arrived— possiblyunknavn — agentsto enterthe organi-
sation,and,onceacceptedwhat their positionin the organisationshouldbe; and (ii)
which behaiours should be consideredas an expressionof self-interestand which
amongthemmustbe preventedby theorganisationIn this context, organisationatules
may alsodrive thedesignetowardsthe definition of the specificorganisatiorthatmost
easeghe enforcemenbf the organisationatulesand, for instance canfacilitate pre-
ventingundesirabldehaioursof unknovn andself-interestecgents.

In the manufcturingpipeline example, all the different stageshave to maintain
the samespeedof flow of itemsin the pipeline. This requirementanbe more easily
expressedn termsof a globalorganisationatule, ratherthanreplicatingit asarequire-
mentfor eachandeveryrolein theorganisationin theconferencenanagemergystem,
therearea numberof rulesthatdrive the properimplementatiorof the organisationAs
notableexamples:an agentshouldbe preventedfrom playing both the role of author
andreviewer of the samepaperandPC Membersshouldnot bein chageof collecting
the reviews for their own papersNeitherof theseconstraintsaneasilybe expressed
in termsof properties/responsibilitiesssociatedo singlerolesandprotocols.Instead,
they represenglobalorganisationafules.

3.2 Organisational Structur es

A role modeldescribesll therolesof anorganisatiorandtheir positionsin thatorgan-
isation. Thereforea role modelalsoimplicitly definesthe topolagy of the interaction
patternsandthe control regime of the organisations actiities. Thatis, it definesthe
overall organisationalstructuie. For example,a role modeldescribinganorganisation
in termsof a “masterrole” and“slave roles” — wherethe formeris in chage of as-
signingwork to thelatterandof load balancingtheir activities — implicitly definesan
organisationastructurebased hierarchicatopologyandon aload partitioningcontrol
regime. Other exemplarorganisationaktructuresinclude collectives of peers,multi-



level and multi-divisional hierarchieq10], andthey canall be modelledin term of a
role model.

However, it is conceptuallywrong to think of a role modelassomethingthat ac-
tually definesthe organisationaktructure.lnstead,in the designof a MAS, aswell as
in thedesignof ary organisationthe role modelshouldderive from the organisational
structurethatis explicitly chosen.Thusorganisationaktructuresshouldbe viewed as
first-classabstractiongn the designof MASs.

The definition of the systems overall organisationaktructurecanderive from the
specificationsollectedduringthe analysisphaseaswell asfrom otherfactors related
to efficiengy, simplicity of applicationdesign,and organisationatheory[10]. In ary
caseamethodologycannotstartthe analysisphaseby attemptingto definea complete
role modelthatimplicitly setsthe organisationastructure Ratherthe definition of the
organisationaktructureis a designchoicethat should not be anticipatedduring the
analysisphaseln fact:

— startingfrom the organisationastructure— by pretendingo know in advancewhat
it shouldbe or by committinga priori to a given organisationaktructure— may
preventsubsequentptimizationandchange;

— although,in severalcasesthe organisationaktructureof a MAS is directly driven
by its counterparin the real-world systemthat the MAS is supposedo support,
automateor monitor, this shouldnot automaticallyimply thatthe organisationof
the software systemshouldmimic that of the real counterpartinsteadthe MAS
may be betteradoptinga differentorganisationathoice.Thereareseveralreasons
why this couldhappen:

¢ therealworld organisatiormay not be well structuredandthe analysisphase
couldhighlight severalshortcomings;

¢ thesoftware,in itself, maychangeheway of working. Thus,themerepresence
of the softwareintroduceschangesn the real organisatiorandthesechanges
needto bereflectedn the MAS;

¢ the efficiency issuesthat may have driven a humanorganisationtowardsthe
adoptionof a particularorganisationaktructuremay not necessarilyapply to
theagentorganisation.

— theorganisationpncedefined hasto respectheorganisationatules.Startingfrom
a pre-definedorganisationaktructurecan make it difficult to have the organisa-
tional rulesrespectedind enforcedby the organisationlnstead the choiceof the
organisatiorhasto follow theidentificationof the organisationatulesandhave to
be possiblydrivenby them.

In the manugcturingpipeline example,the most naturalchoiceis to have an or-
ganisationaktructurein which all of the stagesn the pipelinearepeersandin which
they directly interactwith their neighboursasneededFor instance with referenceto
Figure 2, the stagesStagel Stage2 Stage3,and Stagedare controlledby agentsR1,
R2,R3andR4, respectiely, andeachof theseagentdirectly interactswith its neigh-
bours.This closely mimics the structureof the real-world pipeline. However, this is
notthe only possiblechoice.Moreover, it may not necessarilype the bestone.For in-
stancedueto thereal-timenatureof the pipelinecontrol problem,it may happerthat
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Fig. 2. A Manifacturingpipeline:pipelineorganisation

a problemthatrequiresglobal coordinationbetweenall the agentscannotbe solvedin

duetime, becausef the high coordinationcostsassociatedvith peerbasedsystems.
In suchcasesthe designercanadopta differentorganisationaktructure for example,
assketchedin Figure 3, it canintroducea global coordinatoragentRC in chage of

controlling and mediatingthe interactionsfor all the other agents thusleadingto a

hierarchicalbrganisation.

In theconferencenanagemerexample theoverallstructureof theorganisatiorcan
generallybederivedfrom thestructurethe conferencerganiserhiave decidedo adopt.
However, it is oftenthe casethatthe sameconferencevariesits organisationastructure
from yearto year, dependingn boththe sizeof theconferenceandthe organisersatti-
tudes For example ,asmallconferencaisuallyreliessolelyonthe PC Membersfor the
review processandthe PC Chairactsasa global coordinatorin a single-level hierar
chy, for thework of thePCMember(seeFigure4). In contrastabig conferenceisually
hasto involve externalreviewers.This mayrequirethe PC Chairto partitionthe papers
amongthe PC Members,andthe PC Membersto be in chage of seekingthe appro-
priatenumberof reviews for their assignegartition.In otherwords,the organizational
structureis a multi-level hierarchybasedon a work partitioningcontrol regime at the
highestlevel (the oneof the PC Chair) andon a global coordinationcontrol regime at
the PC Memberlevel (seeFigure5).

If the analysisphasecommitsthe systemto a specificorganisationabtructure the
designerof the associatedMAS will find it difficult to adaptthe system,year after
year, to the changingneedsFor instanceit is very likely thata conferencehangests
dimensionsn differenteditionsand,consequentlyits organizationaktructure Thus,if
the analysisphasesimply describeghe systems requirementsabstractingaway from
ary specificorganisationastructure the designercanreuseit to producea new design
accordingto the conferences new organisationastructure.

OrganisationalRelationshipsThe obvious meansby which to specifyan organisation
is by the inter-agentrelationshipsthat exist within it. We emphasiséhat thereis no
universallyacceptedntologyof organisationatelationshipsdifferenttypesof organ-
isationsmake useof entirely differentorganisationatonceptsFor example,notions
suchas“commandand control”, which may be widely acceptedn military organisa-
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tions,tendnotto beusedin (most)academimrganisationsNeverthelessasafirst pass
towards more completecharacterisationand formalisations we canidentify certain
typesof relationshipghatfrequentlyoccurin humanandotherorganisations:

— control — whichidentify theauthoritystructureswithin a system;

— peer— which identify agentf equalstatus;

— benerolence— whichidentify agentswith sharednterests;

— dependency— whichidentify thewaysin which oneagentmayrely on another;
— owneship— which delimit organisationaboundaries.

Note thatthese(binary) relationshipsxist betweerroleswithin a system— let R be
the setof all suchroles.In what follows, we give the intuition behindeachtype of
relation. We then go on to give a preciseformal definition of the semanticof these
relationships.

Perhapghe paradigmexampleof anorganisationatelationshigs thatof oneagent
contolling anotherIntuitively, if aroler controlsanotheroler’, thenr’ will perform
ary servicedemandedf it by r. If r controlsr’, thenasfarasr is concernedtheroler’
is aresourceo be usedasdesired Any controlrelationshipC C R x R, mustsatisfy
thefollowing properties:

— (Reflexive): (r,r) € C,forallr € R.

Any role controlsitself.
— (Transitve):if (r,r') € C and(r',r"") € C then(r,r") € C.

If Ann controlsBob,andBob controlsCharlesthenAnn controlsCharles.
— (Anti-symmetric):if (r,r’) € C, then(r’,r) ¢ C.

If Ann controlsBob,thenBob doesnotcontrolAnn.

Peer relationshipscapturethe notion of “equal status”within organisationsFor
example,considertwo professorsn the sameuniversity, but in differentdepartments.
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Theseprofessordiave equalstatus gventhoughthey maynotinteractwith one-another
in the normal courseof events.Statusrelationshipshave implicationsfor how agents
shouldinteractwith one-anotherAny peerrelationshipP C R x R mustbeanequi-
alencerelation:it mustbereflexive, symmetric,andtransitive.

Beneolencads theclassicassumptioadein researclondistributedproblemsolv-
ing (DPS) [8]. Putsimply, anagenti is saidto be bene&olentto anotheragentj if i will
offer its servicedo j wheneverit is ableto do so.Notethatthis is notthe sameascon-
trol. If Ann is ben&olentto Bob, thenAnn is inclinedto help Bob whereser possible,
exceptwherehelping Bob would prevent one of her own goalsbeing satisfied.For-
mally, a benevolencerelationB C R x R mustbereflexive andsymmetric.Note that
abeneolencerelationis not (necessarilyjransitive. Thusit is entirelypossiblefor r to
bebeneolentto r’, andfor r’ to bebeneolentto r”, withoutr beingbenevolentto r’.
To seewhy thisis the case considerfor examplebene&olencerelationsbetweercoun-
tries:it is entirely possiblefor the USA to be benevolentto (for example)Switzerland,
andfor Switzerlandto be benevolentto Ruritania,without the USA beingbeneolent
to Ruritania.(Situationdik e this arecommonin internationakelations!)

Dependencyrelationshipsxist betweenagentsprimarily becauseof resourcere-
strictions.For example,Ann controlssomeresource(for examplea pieceof informa-
tion), andBob requiresthis informationto satisfyoneof his goals,thenBob is depen-
denton Ann. Therearein factmary sub-classesf dependenceelationthat may exist
betweeragentyseege.g.,[27]). For example Ann andBob maybemutuallydependent
on one-anotherBob may be dependenbn Ann but Ann doesnot know it, or he may
be dependenbn Ann but he doesnot know it, and so on. Dependeng relationsare
reflexive andtransitve, but neednot be symmetric.
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Finally, turningto ownershiprelations theideais to delimit boundarie®f common
ownership— thusall the agentsbelongingto organisationo are groupedtogether as
areall theagentsbelongingto o/, andso on. Every agentis requiredto be the member
of atleastoneownershipgroup,which mayof coursebe a singletonset.Formally, arny
ownershiprelationO C R x R mustbeanequialencerelation.

3.3 OrganisationalPatterns

Therearenumerougotentialorganisationastructuresbothin termsof topologyof the
interactionsandcontrolregimes[10]. However, we believe thata (comparatiely) small
subsebf thesestructuresarelik ely to be usedmostof thetime. Thus,only rarely will
peculiarstructureshe adoptedtypically whenthe organisatiorhasa very specificand
unusuaketof requirements).

Any methodologythatencouragese-useof pre-defineccomponentandarchitec-
tureswill easeandspeed-uphework of bothdesigneranddevelopersObject-oriented
technologyhasrecognisedhis needandincreasedhe potentialfor re-usevia design-
patterng11]. In this casethemostwidely-usedpatternsf compositionandinteraction
of object-orientedsystemshave beencataloguedand preciselydescribedn termsof
extentof applicability, sampleimplementationandusecasesA softwaredesigneican
thenrely on thesecataloguesand build applicationsby composingand re-usingnot
only singleobjects but whole piecesof the softwarearchitecture.



In the areaof agent-basedystemswe ervisagesomethingsimilar with respect
to the mostwidely usedorganisationaktructures.Thuswith the availability of cata-
loguesof organisationalpatterns designersanrecognisen their MASs the presence
of known patternsandre-usedefinitionsfrom the catalogueln addition,designergan
alsobeguidedby the cataloguen thechoiceof the mostappropriaterganisationapat-
ternsfor their MAS. Of course for patterngo beproperlyexploited,theorganisational
structuremusthave beenexplicitly identifiedin the designphase.

In the pipelineexample,the pipelineorganisatiorbetweenagentsexpressesn or-
ganisationapatterrthatis lik ely to re-appeain mary applicationgandwhichis already
widely exploitedasanarchitecturapatterndn traditionalsoftwaresystems)Thesame
canalsobe said of the hierarchicalpipeline structure.ln both casesjf a catalogueof
patternswvasavailable,thedesigneicouldrely onit to helpdefinethe systemstructure.

In the conferencananagemenéxample,the variousorganisationabktructureghat
conference®f differentsizestendto adoptare all fairly typical: from single hierar
chies,to multi-level anddivisionalones.Therefore alsoin this casejt is expectecthat
amethodologythatmakesexplicit useof organisationapatternsvould easethe appli-
cationdesign.

It is worth mentioningthatseveralattemptgo analyseandcataloguenrganisational
agentpatternscurrentlyexist [28,16,17]. However, in mostcasesthis work abstracts
away from ary specificmethodologyfor MAS analysisand designwhich shoulden-
courageand facilitate the re-useof thesepatterns.This, in turn, makes re-usemore
difficult.

4 Towards an Organisation-Oriented Methodology

The exploitation of the organisationabbstractionave have introducednaturally pro-

motesanorganisation-orientethethodologyfor the analysisanddesignof MASs.
The analysisphaseis tasked with collectingall the specificationdrom which the

designof the computationabrganisatiorcanstart. This includesthe identificationof:

— theoverallgoalsof the organisatiorandits expectedglobalbehaiour;

— thebasicskills requiredby the organisatiorandthe basicinteractionsrequiredfor
the exploitation of theseskills (thatis, a preliminaryrole model);

— therulesthatthe organisatiorshouldrespectind/orenforcein its globalbehaiour.

The outputof the analysisphaseshouldthereforebe a triple: (PR, PP, OL), where
PR arethe preliminaryrolesof the system(derived from the identificationof the ba-
sic skills), PP arethe preliminaryprotocols(which have alreadybeendiscoveredto be
necessarfor thepreliminaryroles),andOL aretheorganisationatules.It is worth not-
ing thatthe analysisphaseshouldnot committto any specificorganisationastructure.
Instead,its outputshouldbe (andbe expressedn terms)independenbf any specific
organisationastructure.

Thedesignphasebuilds ontheoutputof theanalysigphaseandproducesa complete
specificationof the MAS. To this end, designcan be decomposedhto the following
phases:



— definition of the organisationastructure by choosingthetopologyandthe control
regime. This involvesconsidering{i) the overall organisationakfficiency, (ii) the
needto respeciandenforcethe organisationafules,and(iii) the correspondingif
ary) real-world organisation;

— completionof the preliminaryrole model; baseduponthe adoptedorganisational
structureandby keepingthe organisational-indeperedt aspect¢detectedrom the
analysisphase)ndthe organisational-dependéeanes(deriving from the adoption
of a specificorganisationaktructureandfrom the insertionof rolesandprotocols
in it) asseparataspossible;

— exploitation of well-known organisationalpatternson the basisof the systems
identifiedorganisationastructure.

As in the Gaia methodologywe view the output of the designphaseas a spec-
ification that can be picked up by using a traditional method(suchas object orien-
tation or component-vare)or that could be implementedusing an appropriateagent-
programmingramenork shouldonebe available.

5 RelatedWork

Traditional analysisand designmethodologiessuch as object-orientecbnes[2], are
poorly suitedto MASs becaus®f the fundamentamismatchbetweernthe abstractions
they provide [32]. Consequentlywe believe that thoseefforts that attemptto simply
extendobject-orientednethodologieso MAS [18, 16] will inevitably fall short.More-
over, traditionalcompositionaimethodsfor object-orientedsoftwarearchitecture$24,
3] alsohave limited applicability in the definition of organisationdor MASs. On the
onehand,the definedinteractionmodelsaretoo staticwhencomparedo the dynamic
interactionmodeldefinedby agentsOntheotherhand thefunctionality-orientednod-
elling of theinteractionshetweerthe systemcomponentslasheswith therole-oriented
perspectie of MASSs.

A numberof agent-specificnodellingtechniquesaanddevelopmentmethodologies
have beenproposedn recentyears(see[14] for a sunwey), several of which attempt
to exploit the ideaof a MAS asa computationabrganisation.ln mostof the cases,
organisation-orienteglystemsandmodellingtechniqueslefineanorganisatiorasacol-
lectionof roles(i.e., arole model),without introducingary higherlevel organisational
abstractionsThis is preciselywhat happensfor example,in the ALAADDIN system
[9] where“the groupstructure”is simply the collectionof rolesthat composehe or-
ganisationAnalogouslyin the ToolKit approacHt7], anorganisatioris definedsimply
by the setof rolesthat composdt andby the interactionprotocolsthat have to occur
betweenroles. Neither of theseapproachesncorporatethe notionsof organisational
rulesor organisationastructuresand,for the reasonave have outlined,will belimited
in therangeof agentsystemghey candealwith. In addition,theseproposalglo not at-
temptto definea completeandclearmethodologyfor the developmenbf agentsystem
organisations.

Gaiastartsfrom the organisationametaphorand definesa completemethodology
[32] for the developmentof multi-agentsystemslt also providesa cleanseparation



betweenthe analysisand designphasesHowever, it suffers from several limitations
thatare causedoy the incompletenessf its organisationahbstractionsThe objective
of Gaiasanalysiphasés to defineafully elaboratedole model,derivedfrom thesys-
tem specificationtogetherwith an accuratedescriptionof the protocolsin which the
roleswill beinvolved. Thisimplicitly assumeshatthe overall organisationaktructure
is known a priori. However, asalreadystatedthisis notalwaysthecaseln addition,by
focusingexclusively on the role model,the analysisphasefails to identify any global
organisationatules (making Gaiaunsuitablefor modelingopensystemsandfor con-
troling thebehaviour of self-interestedgents).

Similarshortcomingslsoeffectmostof therecentlyproposedrganisation-oriented
methodologiesFor example,the MASE (Multi-Agent SystemsEngineeringimethod-
ology [30] providescleanguidelinesfor developing multi-agentsystemspasedon a
well-definedsix-stepprocessThis procesddrivesdevelopersfrom analysisto imple-
mentation However, onceagain,the designprocesdails to identify arny organisational
abstractiorotherthantherole model.

From a different perspectie, somework in the areaof coordinationmodelsand
language$12,5] doesexplicitly addresghe problemof definingglobalrules(“coordi-
nationlaws”) to specifythe behaiour andthe interactionof agentensemblesln this
work, all interactionshave to occur via specific “coordinationmedia”, whoseinter-
nal behaiour canbe programmedso asto implementspecificpoliciesfor governing
agentinteractions However, only recentlyhave coordinationmodelsbeenrecognised
asusefulabstractionsiponwhichto definemethodologie$or theanalysisanddesignof
thosesystemsTo achievethis, thecoordinatiormediaareexploitedasboththeconcep-
tual andphysicalrepositoryof the organisationafules[6, 26,25]. A somavhatsimilar
approachhasdriventheimplementatiorof the Fishmarlet systemfor agent-mediated
auctiong23]. In Fishmarlet, the needto forceagentgo actin accordancevith the “so-
cial corventions”thatrule the organisatiorof anauctionis recognisedTo enactsocial
corventions the systemdynamicallyassociatea “controller agent”with eachagentin
the auction.Controlleragentsact asa coordinationmedia,in chage of mediatingall
theinteractionsandof makingagentgespectheauctions corventions.

6 Conclusionsand Future Work

This paperhasdiscusse@ numberof issuegelatedto the analysisanddesignof multi-
agentsystems.Specifically we have consideredhe view of developing multi-agent
systemsasa procesof constructingcomputationabrganisationsTo date,the organ-
isationalconceptsf agentrolesandrole modelshave becomean importantresearch
areain thefield of agent-basedystemsHoweverin this papemwe haveintroducedhree
further organisationahbstractionsorganisationatules, organisationaktructuresand
organisationapatterns.Theseconceptsalthoughneglectedby the currentmethodolo-
giesfor agent-orientedoftware engineeringare neverthelesof fundamentaimpor-
tancein multi-agentsystemsandwe thereforebelieve they shouldplay acentralrolein
arny methodologyHaving introducedand motivatedtheseorganisationahbstractions,
we sketchedsomegenerabuidelinedor anew methodologyfor theanalysisanddesign
of multi-agentsystemghatis centeredaroundorganisationahbstractions.



Furtherwork is neededo detailthe proposednethodologyby:

fully formalisingthe conceptsf organisatiorrulesandorganisationaktructures.
This canpossiblybe achieved by refining the formalismthatwe have alreadyin-
troducedn Subsectior8.2with respecto the organizationaktructures.

— providing suitablenotationgfor expressinghe expectedoutputsof theanalysisand

designphasesWe expectstandarchotations suchasUML, to berapidly adapted
to the needof agent-basedoftwareengineerind1], aswell asnew agent-specific
methodologieso emenpe;

identifying guidelineghatassisthedesignein theidentificationof suitableorgan-

isationalstructuredfor the system Here analyticalmethods gxperimentalresults,

andcasestudyexperiencesrelik ely to be helpfulin supportingthe choice.

For all of the above topics, we expect significant cross-fertilisationof models,for-
malismsandexperiencegrom a numberof differentresearctareasAmongothersthe
researchareaof requirementgngineering22] canprovide usefulguidelinestowards
theidentificationandthe modellingof organisationatules;theresearchesultsof both
coordinationprganizationahndmanagemerdcience$20,29,21], which have widely
studiedthe structuref humanorganisationgndtheir mostcommonpatternsarealso
expectedo play a significantrole.
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