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Abstract

Thearchitecture of a multi-agentsystentannaturally beviewedasan organisedsocietyof
individuals(i.e., asa computationabrganisation). For this reasonwe believe organisational
abstractionsshouldplay a central role in theanalysisand designof sud systemsTo this end,
the conceptof agentrolesand role modelsare increasinglybeingusedto specifyand design
multi-agentsystemsHowever, thisis notthefull picture. In this paperweintroducethreeaddi-
tional organisationalconcepts—ayanisationalrules, organisationalstructuies,and organisa-
tional patterns—thatve believe are necessaryor the completespecificatiorof computational
organisations.We view the introductionof theseconceptsas a steptowards a compehensive
methodolgy for agent-orientedsystems.

Submissionto: Workshopon Agent-OrientedsoftwareEngineeringat ICSE 2000
CorrespondingAuthor: FrancoZambonelli



1 Intr oduction

Autonomousagentsandmulti-agentsystemgMASS) arerapidly emeging asa powerful paradigm
for designingand developing complex software systems. However, asis the casewith ary nev
software engineeringparadigm the successfuand widespreaddeployment of MASSs requiresnot
only new modelsandtechnologieshut alsonew methodolgiesto supporidevelopersengineesuch
systemdn arohust, reliable,andrepeatabld¢ashion.In thelastfew years therehave beenseveral
attemptsto develop suchmethodologies.However, mostof this work is eithertunedto specific
systemsand agentarchitectureg8, 3]—thusit lacks generality—orit is definedas an extension
of existing object-orientednethodologie$l2]—thusit exploits abstractionshatareunsuitablefor
modellingagent-basedystems Againstthis backgroundthe Gaiamethodology{22] is oneof the
first attemptdo definea completeandgeneraimethodologythatis specificallytailoredto the anal-
ysisanddesignof MASs. Gaiaviews the procesf analysinganddesigningmulti-agentsystems
asoneof constructingcomputationabrganisationsThus, multi-agentsystemsareviewed asbeing
composedf a multitudeof autonomoudnteractingentities(anorganisedsocietyof individuals)in
which eachagentplaysone (or more) specificroles In particular Gaia, like several otheragent-
orientedmethodologie$8, 6, 14], suggestslefiningthestructureof aMAS in termsof arole model
Thismodelidentifiestherolesthatagenthave to play within theMAS andtheinteractionprotocols
in which thedifferentrolesareinvolved.

As it currently stands,Gaiais targettedat MASs in which the agentsare cooperatrie andin
which the systemis closed. However, in orderto dealwith systemshat involve self-interested
agentperatingin anopenervironment,we believe thatadditionalorganisationabbstractiongre
necessaryin particular we believe thatorganisationalrules organisationalstructues andorgan-
isationalpatternsmustalsoplay a primaryrole in theanalysisanddesignof MASs. Organisational
rulesexpressgeneralglobal(supra-roleyequirementsor the properinstantiatiorandexecutionof
aMAS. An organisationaktructuredefinesthe specificclass(amongthe mary possibilities)of or-
ganisatiorandcontrolregimeto whichtheagents/rolekave to conformin orderfor thewholeMAS
to work efficiently andaccordingto its specifiedrequirementsOrganisationapatternsxpresspre-
definedandwidely usedorganisationaktructureghat canbe re-usedfrom systemto system(in a
mannersimilar to theway catalogue®f object-orientegatternsarewidely exploitedin thedesign
of object-orientedsystemsJ10].

In this paper we shaw, with the aid of two applicationexamples,that adoptionof the above
organisationadbstractionganleadto a methodologythatis applicableto awide spectrunof agent
systems We alsobelieve thattheintroductionof high-level organisationabbstractionganleadto
more clean,manageableandre-usableMAS designs. Specifically the paperis organisedasfol-
lows. Section2 introduceghebasicconceptainderlyingagentsaandmulti-agentsystems Section3
introduceghe additionalorganisationabbstractionshatareneededo extendGaiato opensystems
andmotivatestheir adoption.Section4 briefly sketcheshow our organisationahbstractionganbe
exploitedduringtheanalysisanddesignof MASs. Section5 discusseselatedwork in this areaand
section6 concludesy outlining the openissuesandthefutureresearclidirections.

2 Multi-Agent Systemsand Organisations

Agentsaresoftware entitiesthat exhibit autonomousnd proactivegoal-directecbehaiour—their
actvitiesarenotsubjecto aglobalflow of controlandthey cantake theinitiative whereappropriate—



andthatarereactiveto changesn the ervironmentin which they areimmersed21]. Thesechar

acteristicamake agentsusefulasstand-alonentitiesthat are delegatedto accomplisha given task
on behalfof a user(e.g.,personaligital assistantse-mailfilters, or simplerobots). However, in

the majority of casesagentsexist in the context of multi-agent softwae systemswhoseglobal
behaiour derivesfrom the interactionamongthe constituentagents. In thesecasesagentsalso
exhibit social behaiour; they interactwith oneanother:eitherto cooperateo achieve acommon
objective or becaus¢his helpseachof theinteractingagentgo achiere their own objectves.

Here ,wedistinguishbetweertwo mainclasse®f multiple agentsystem:(i) distributedproblem
solving systemsn which the componentagentsare explicitly designedo cooperatrely achiere a
givengoal,and(ii) opensystemsn which agentsnot necessarilyco-designedo sharea common
goal,candynamicallyleave andenterthe system.In theformercaseall agentsaareknown a priori,
andall agentaresupposedo bebeneolentto eachotherand,thereforethey cantrustoneanother
duringinteractionslin thelattercasethedynamicarrival of unknavn agentsneeddo betakeninto
accountaswell asthe possibility of self-interestedbehaiour in the courseof theinteractions.

2.1 The OrganisationalMetaphor

The designof paralleland distributed applications,aswell asof distributed objectsystemsusu-
ally relieson an architecturethat derives from the decompositiorof the functionalitiesand data
requiredby the systemto achieve its goal, andon the definition of their interdependenciefl]. In
MASSs, however, the autonomousand proactie behaiour of the constituentagentssuggestghat
applicationscan be designedoy mimicking the behaiour and structureof humanorganisations.
Thuseachagentis assigneda specificrole in the system.Thatis, awell-definedtask/responsibiljt
in the contet of the overall system,that the agenthasto accomplishin an autonomougashion,
without ary centraliseccontrol. In this model,interactionsare no longermerelyan expressionof
interdependenciegatherthey areviewed asa meansfor an agentto accomplishits role in the
organisation. Therefore,interactionsare well-identified andlocalisedin the definition of the role
itself, andthey helpcharacteriséhe positionof theagentin the organisation.

An organisationaperspectie canalsomale the designof the systemlesscomplex andeasier
to managethan more traditional metaphordor concurrentsystems. Firstly, eachagentbecomes
a separatdocusof control, in chage of accomplishingts role and beingfully responsibldor it.
Secondly since agentstypically embedmost of the functionality they needto accomplishtheir
role, interdependenciebetweenthe systemcomponentsare likely to be reduced. When taken
togetherthesepointseasethe designprocesdbecausehey leadto a cleanerseparatiorbetweerthe
component-teel (i.e.,intra-agentandsystem-lgel (i.e., interagent)designdimensions.

A final adwvantagerelatesto the factthat,in mary casesMASs areintendedto supportand/or
controlsomereal-world organisation.For example,MASs canbe adoptedo supportthe workflow
managemenhn ateamor to help controlling the actvities of anInternetauction.In suchcasesan
organisation-baseMAS designreduceghe conceptuatlistancebetweerthe software systemand
thereal-world systemit hasto support.Consequentlythis simplifiesthedevelopmentbf the system.

2.2 An Organisational Characterisation of Multi-Agent Systems

The organisationaberspectie leadsto a generalcharacterisationf a MAS asdepictedin figure
11[6, 13]. Although somesimplersystemscanbe viewed asa single organisationassoonasthe
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Figurel: Characterisatioof a Multi-Agent System

compl«ity increasesmodularity and encapsulatiorprinciples suggestsplitting the systeminto
differentsub-oganisations.Thus,in mostcasesa complex multi-agentsystemcanbe viewed as
severalinteracting organisations Naturally a givenagentcanbe partof multiple organisations.

In eachorganisationanagentcanplay oneor moreroles Theroleis whattheagents expected
to doin theorganisationbothin cooperatiorwith the otheragentsandin respecbf theorganisation
itself.

Often, therole of anagentis simply definedin termsof the specifictaskthatthe agentshasto
accomplishin the contet of the overall organisation.However, the notion of arole is muchmore
precisejn thatit givesanagenta well-definedpositionin the organisationwith a setof associated
expectedbehaiours.

To accomplishtheir role in the organisation agentstypically needto interact with eachother
in orderto exchange knowledg and coodinate their actvities. Therefore,the conceptof inter
agentinteractiongs strictly relatedto therole of anagent.lt is therole thatrequiresa givenform
of interaction. Even more precisely an agent,by the very factthatit playsa givenrole andhasa
well-definedpositionin theorganisationjs committedto certaininteractionprotocolswith theother
agentsn theorganisation Of coursetheneedof interactingaccordingo specificprotocolsrequires
the presencef a communicatiormediumbetweeragents.This canbeeitheratraditionalnetwork
infrastructure typically enforcinga message-passingteractionmodel, or anotherinfrastructure
possibly enforcing a differentinteractionmodel (e.g., a shareddataspacenforcingan indirect,
data-orientednteractionmodel[11]).

Generallyspeaking,a MAS is immersedin a given ervironmentwith which the agentsmay
needto interactin orderto accomplisttheir role. This interactionoccursvia sensos andeffectors,
i.e., mechanismshatenableagentgo senseandeffect a selectecportion of the ervironment. That
portionof the ervironmentthatanagentcansenseandeffectis determinedoy the agents specific
role,aswell asonits currentstatus.

2.3 Exemplar Multi-Agent Systems

To illustrate our points on the needfor organisationalabstractionsyve will considertwo sample
problemshatwill actasrunningexamplesthroughouthis paper



Manufacturing Pipeline: As anexampleof a MAS thatbelongsto the classof distributed prob-
lem solvers,we will considera systemfor the control of a manufcturingprocess.For example,
let us considerthe procesf assemblingpaintingand packingmetalhardware. Typically, sucha
controlsystemcanbedelegatedto amultiplicity of agentorganisationseachdevotedto thecontrol
of awell-definedportion of the overall manufcturingprocesge.g.,the assemblingectionor the
paintingsection). Within eachsection,agentscanthenbe associatedavith the control of a specific
tool in the control systemor to the control of a specificconditionthatmustbe assuredo guarantee
thecorrectnessf theprocess.

In this context, we specifically considera manufcturing pipeline in which items are trans-
formed/augmente(e.g.,a pipelinein which metalitemsare painted). Here, differentagentscan
be devotedto the control of differentstageof the pipeline(e.g. anagentis devotedto controlthe
paintspraying.anotheris devotedto controlthe propercookingof the paint,anotherof controlling
the cooling process) Agentsinteractbothindirectly throughthe ervironmentanddirectly, through
variousformsof interactionprotocol.In suchanorganisationtherole of eachagents thatof “stage
of the pipeline”, in chage of ensuringthat a specificportion of the pipelineworks properly(e.g.,
thatthe oven maintainsa constantemperatur@ndthatthe cooling systemdoesnot cool itemstoo
fast). To this end,agentsneedto senseand effect that portion of the ervironmentthatrepresents
the stageof the pipeline of which they arein chage. In addition, the agentsneedto interactto
achieve a properglobalfunctioningof the pipeline(for instancepy guaranteeing@ uniform flux of
itemsthroughouthe pipelineandby guaranteeinghatthe global flux of item doesnot exceedthe
“processingcapabilities”of eachof the stages).

ConferenceManagement : As anexampleof anopensystemwe will consideran agent-based
systemfor supportingthe managemenof an internationalconference.Settingup andrunninga
conferencés amulti-phasgrocessnvolving severalindividualsandgroups.Duringthesubmission
phaseauthorsf submittecbapersieedio beinformedthattheirpaperfiave beernrecevedandthey
needto be assigneda submissiomumber Oncethe submissiordeadlinehaspassedthe program
committee(PC) hasto handlethe review of the papers;contactingpotentialrefereesand asking
themto review a numberof the papers After awhile, reviews areexpectedto comein andbeused
to decideaboutthe acceptance/rejecin of the submissions. Authorsneedto be notified of these
decisionsand,in caseof acceptancemustbe asled to producethe camerareadyversionof their
revisedpapersFinally, the publisherhasto collectthe camerareadyversionsfrom the authorsand
print thewhole proceedings.

The conferencananagemenproblemnaturallyleadsto a conceptionof the whole systemas
a numberof differentorganisationspne for eachphaseof the process.In eachorganisation the
correspondingAS canbe viewed asbeingmadeup of agentsassociatedo the personsnvolved
in the procesgauthors PC Chair, PCMembersReviewers). Therolesplayedby eachagentreflect
the onesplayedby the associateghersonin the conferencenrganisation.They may requireagents
to interactbothdirectly with eachotherandindirectly;, via anernvironmentcomposeaf papersand
review forms. Sinceanagentis directly associatedo a personandits behaiour canbeinfluenced
by thatpersonppportunistidoehaiour canemepgein theapplication.For example,anauthorcould
attemptto review its own paperor aPCMembercouldtry to dealwith lesspaperthanit is expected
to deal.In addition,asthe naturalerwvironmentfor the MAS is the Internet—dueo the world-wide
natureof theconferencerganisation—interetions with agentsexternalto the MAS itself arelikely
to occur For instancea reviewer candecideto exploit its own personabgentto interactwith the



otheragentsf theorganisationjnsteadof relying onaninstanceof areviewer agentclassexplicitly
designedor theconferencenanagemergystem.

3 Organisational Abstractions

Organisationalrole modelspreciselydescribeall the roles that constitutethe computationalor-
ganisation;in termsof their functionalities,actvities, andresponsibilitiesaswell asin termsof
their interactionprotocolsandpatternswhich establisithe positionof eachrole in the organisation
[22, 8, 6] . However, suchrole modelscannotbe consideredsthe sole organisationahbstraction
uponwhich to basethe entiredevelopmentprocess Rather beforethe designprocessactuallyde-
finestherole modeland,consequentlythe whole organisationa numberof otherstepsneedto be
performed. Firstly, the analysisphaseshouldidentify how the organisationis expectedto work.
Secondlythedesignphaseshoulddefinewhich kind of organisatiorbestfits therequirementsden-
tified in the analysisphase. Thirdly, it needsto be determinedwhetherary re-useof available
componentganbe exploitedin somepart of the organisationablesign. Whentakentogetherthis
requiresthe introductionof threefurther organisationahbstractionsorganisationafrules (section
3.1),organisationastructuregsection3.2) andorganisationapatterngsection3.3).

3.1 OrganisationalRules

Theanalysisphaseaimsto collectall the specificationandrequirementsor building the MAS. To

this end, it is possibleto identify the basicskills (functionalitiesandcompetencesiequiredby the
organisationaswell asthe basicinteractionsthatarerequiredfor the exploitation of theseskills.

However, until the designphasehasdecidedwhich organisationis mostappropriateor the system,
theidentifiedskills andinteractionscannotaim at fully definingthe rolesandtheinteractiongpro-

tocolsthatwill be playedin the system(i.e., at defininga completerole mode): this would imply

anearliercommitmentto a specificform of organisation.Insteadwhatthe analysisphasecanfur-

ther identify—even in the absenceof a completerole model—are the constraintghat the actual
organisationpncedefinedwill have to respect.

The implementationand/or executionof a computationalorganisationwill have to respecta
numberof constraintsywhoseidentificationcaneither(i) spreadchorizontallyover all therolesand
protocols(or, whichis the samein this context, over theidentifiedpreliminaryrolesandprotocols),
or (ii) expressrelationsand/orconstraintbetweerroles,protocols,or betweerrolesandprotocols.
For example,in the caseof humanorganisations(i) socialcorventionsdefinea setof implicit rules
that moderatethe interactionsbetweenall memberge.g., a clerk cannotcontradictor ignorethe
commandsof his manager) (i) company specificcornventionsmight imposeconstraintson howv
differentroleshave to be playedin eachof its organisationge.g.,a clerk cannotassumerole that
would imply amemberof the managingstaf to be somehev subordinatedo his clerk).

In both casessuchglobal constraintscannoteasily be expressedn termsof individual roles
or individual interactionprotocols. Neverthelesstheir identificationis importantfor the correct
developmentof the systemand, therefore they mustbe taken into accountby the designemwhen
actually defining the organisationof the system. To capturethis type of informationwe usethe
concepbf organisationalrules

The explicit identificationof organisationakulesis of particularimportancein the context of
openagentsystems. With the arrival of new, previously unknavn, and possibly self-interested



agentsthe overall organisatiormustsomehw enforceits internalcohereng despitethe dynamic
anduntrustvorthy ervironment. Theidentificationof global organisationatulesallows the system
designerto explicitly define: (i) whetherandwhento allow newly arrived—possiblyunknavn—
agentdo enterthe organisationand,onceacceptedywhattheir positionin the organisatiorshould
be; and (ii)) which behaiours shouldbe consideredas an expressionof self-interest,and which
amongthemmustbe preventedby the organisation.In this contet, organisationatulesmay also
drive thedesignetowardsthedefinitionof thespecificorganisatiorthatmosteasesheenforcement
of the organisationalrules and, for instance,can facilitate preventing undesirablebehaiours of
unknavn andself-interestecgents.

In themanubcturingpipelineexample,all the differentstageshave to maintainthe samespeed
of flow of itemsin the pipeline. This requirementcan be more easily expressedn termsof a
global organisationatule, ratherthanreplicatingit asa requirementor eachandevery role in the
organisation. In the conferencemanagemensystem,thereare a numberof rules that drive the
properimplementationof the organisation. As notableexamples: an agentshouldbe prevented
from playing both the role of authorandreviewer of the samepaperand PC Membersshouldnot
bein chage of collectingthe reviews for their own papers.Neitherof theseconstraintaneasily
beexpressedn termsof properties/respoilsliti esassociatetb singlerolesandprotocols.Instead,
they represenglobal organisationatules.

3.2 Organisational Structures

A role model describesall the roles of an organisationand their positionsin that organisation.
Therefore arole modelalsoimplicitly definesthetopolay of theinteractionpatternsandthe con-
trol regimeof theorganisatiors actwvities, thatis, theoverall organisationalstructue. For example,
a role modeldescribingan organisationin termsof a “masterrole” and“slave roles”—wherethe
formeris in chage of assigningwvork to the latterandof load balancingtheir activities—implicitly
definesan organisationalktructurebaseda hierarchicaltopology and on a load partitioning con-
trol regime. Otherexemplarorganisationaktructuresnclude collective of peers,multi-level and
multi-divisionalhierarchy[9], andthey all canbe modelledin termof arole model.

However, it is conceptuallywrong to think of a role modelassomethinghat actuallydefines
the organisationattructure. Insteadjn thedesignof aMAS, aswell asin thedesignof ary organi-
sation therole modelshouldderive from theorganisationaktructurethatis explicitly chosen.Thus
organisationastructureshouldbe viewed asfirst-classabstraction$n the designof MASs.

Thedefinitionof the systems overall organisationastructurecanderive from the specifications
collectedduring the analysisphase aswell asfrom otherfactors,relatedto efficiency, simplicity
of applicationdesign,andorganisationatheory[9]. In ary case,a methodologycannotstartthe
analysisphaseby attemptingto definea completerole modelthatimplicitly setsthe organisational
structure.Rather the definition of the organisationaktructureis a designchoicethatshouldnot be
anticipatedduringthe analysisphaseln fact:

e startingfrom the organisationaktructure—bypretendingo know in advancewhatit should
be or by committing a priori to a given organisationaktructure—mayprevent subsequent
optimizationandchange;

¢ although,n sereralcasestheorganisationastructureof aMAS is directly drivenby its coun-
terpartin thereal-world systenmthatthe MAS is supposedo support/automatise/mitar, this



shouldnotautomaticallymply thatthe organisatiorof thesoftwaresystenshouldmimic that
of thereal organisation.Instead the MAS may be betteradoptinga differentorganisational
choice.Thereareseveralreasonsvhy this couldhappen:

— the real world organisationmay not be well structured,and the analysisphasecould
highlight several shortcomings;

— the software, in itself, may changethe way of working. Thus, the mere presenceof
the software introduceschangesn the real organisationand thesechangesieedto be
reflectedn the MAS;

— theefficiengy issueghatmayhave drivena humanorganisatiortowardsthe adoptionof
aparticularorganisationastructuremaynot necessarilypplyto theagentorganisation.

e the organisation,oncedefined,hasto respecthe organisationatules. Startingfrom a pre-
definedorganisationastructurecanmaleit difficult to have theorganisationatulesrespected
and enforcedby the organisation. Instead the choiceof the organisationhasto follow the
identificationof the organisationatules,andhave to be possiblydrivenby them.

In the manufcturing pipeline example,the most naturalchoiceis to have an organisational
structurein which all of the stagesn thepipelinearepeersandin which they directly interactwith
their neighboursas needed. For instance with referenceto Figure 2, the stagesStagel,Stage2,
Stage3,and Stagedare controlledby agentsR1, R2, R3 and R4, respeciiely, and eachof these
agentsdirectly interactwith its neighbours. This closely mimics the structureof the real-world
pipeline. However, this is not the only possiblechoice. Moreover, it may not necessarilybe the
bestone. For instance dueto the real-timenatureof the pipeline control problem,it may happen
that a problemthat requiresglobal coordinationbetweenall the agentscannotbe solved in due
time, becausef the high coordinationcostsassociatedavith peerbasedsystemsln suchcasesthe
designercanadopta differentorganisationaktructure:for example,assketchedin Figure3, it can
introducea globalcoordinatoragentRC in chage of controllingandmediatingthe interactionsor
all theotheragentsthusleadingto a hierarchicalorganisation.

In the conferencenanagemengxample,the overall structureof the organisationrcangenerally
be derivedfrom the structurethe conferencerganiserdave decidedto adopt. However, it is often
the casethat the sameconferencevariesits organisationaktructurefrom yearto year depending
on both the size of the conferenceandthe organisers’attitudes. For example,a small conference
usually relies solely on the PC Membersfor the review process. In contrast,a big conference
usually hasto involve externalreviewers. This may, in turn, alsoinvolve partitioningthe papers
amongthe PC MembersthusmakingPCMembersn chage of seekingthe appropriateaumberof
reviews for their assignegartition. However, if theanalysigphasecommitsthe systemto a specific
organisationastructurethedesignenf theassociate®AS will find it difficult to adaptthesystem,
yearafteryear to the changingneeds.Instead,if the analysisphasesimply describeghe systems
requirementsabstractingway from ary specificorganisationastructurethedesignercanre-utilise
it to producea new designaccordingto the conferences new organisationaktructure.

Organisational Relationships The obvious meansby which to specifyan organisationis by the
interagentrelationshipgthat exist within it. We emphasisahat thereis no universally accepted
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ontologyof organisationatelationships:differenttypesof organisationsnake useof entirely dif-
ferentorganisationatoncepts.For example,notionssuchas“commandand control”, which may
be widely acceptedn military organisationstendnotto be usedin (most)academimrganisations.
Neverthelessasa first passwe canidentify certaintypesof relationshipghat frequentlyoccurin
humanandotherorganisations:

e contwol — whichidentify the authoritystructuresvithin a system;

peer— which identify the statusrelationshipswithin a system;

benaolence— whichidentify agentswith sharednterests;

dependency— whichidentify thewaysin which oneagentmayrely on another;

peer— whichidentify agentsf equalstatus;

owneship— which delimit organisationaboundaries.

Notethatthese(binary)relationshipsexist betweerroleswithin a system— let R bethe setof all
suchroles. In whatfollows, we give the intuition behindeachtype of relation. We thengo on to
give a preciseformal definition of the semantic®f theserelationships.

Perhapghe paradigmexampleof anorganisationatelationshipis thatof oneagentcontrolling
another Intuitively, if aroler controlsanotheroler’, thenr’ will performary servicedemanded
of it by r. If r controlsr’, thenasfarasr is concernedtheroler’ is aresourceo beusedasdesired.
Any controlrelationshipC C R x R, mustsatisfythefollowing properties:

¢ (Refleive): (r,r) e C,forallr € R.
Any role controlsitself.

e (Transitve): if (r,r') € C and(r’,r") € C then(r,r") € C.
If Ann controlsBob, andBob controlsCharlesthenAnn controlsCharles.

e (Anti-symmetric):if (r,r') € C,then(r’,r) & C.
If Ann controlsBob, thenBob doesnotcontrol Ann.

Peerrelationshipscapturethe notion of “equal status”within organisationsFor example,consider
two professordn the sameuniversity but in differentdepartments.Theseprofessorshave equal
status,even thoughthey may notinteractwith one-anothem the normal courseof events. Status
relationshipshave implicationsfor how agentsshouldinteractwith one-anotherAny peerrelation-
shipP C R x R mustbeanequvalencerelation:it mustbereflexive, symmetricandtransitive.
Beneolencastheclassicassumptiormadein researclondistributedproblemsolving(pps) [7].

Putsimply, anagent is saidto be beneolentto anotheragent if i will offer its servicedo j when-
ever it is ableto do so. Note that this is not the sameas control. If Ann is beneolentto Bob,
thenAnn is inclinedto help Bob whererer possible exceptwherehelpingBob would preventone
of herown goalsbeingsatisfied. Formally, a ben&olencerelationB C R x R mustbereflexive
andsymmetric. Note thata bene&olencerelationis not (necessarilyjransitve. Thusit is entirely
possiblefor r to bebeneolentto r’, andfor r’ to beben&olentto r”, withoutr beingbeneolentto
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r”. To seewhy thisis the case considerfor exampleben&olencerelationsbetweercountries:it is
entirely possiblefor the USA to be beneolentto (for example)Switzerland andfor Switzerlando
bebeneolentto Ruritania,withoutthe USA beingbeneaolentto Ruritania.(Situationdike this are
commonin internationakelations!)

Dependencyrelationshipexist betweeragentprimarily becausef resourcaestrictions.For
example,Ann controlssomeresource(for examplea pieceof information),andBob requiresthis
informationto satisfyoneof his goals,thenBob is dependenbn Ann. Therearein factmary sub-
classe®f dependenceelationthatmayexist betweeragentgseee.g.,[19]). Forexample Annand
Bob may be mutually dependenbn one-anotherBob may be dependendon Ann but Ann doesnot
know it, or hemaybedependenbn Ann but he doesnotknow it, andsoon. Dependeng relations
arereflexive andtransitive, but neednot be symmetric.

Finally, turningto ownershiprelations,the ideais to delimit boundarie®f commonownership
— thusall theagentdelongingto organisatioro aregroupedogetherasareall theagentdelong-
ingto o', andsoon. Everyagents requiredto bethemembeiof atleastoneownershipgroup,which
may of coursebe a singletonset. Formally, the ownershiprelation® C R x R is anequivalence
relation.

3.3 Organisational Patterns

Therearenumerougotentialorganisationastructureshothin termsof topologyof theinteractions
andcontrolregimes[9]. However, we believe thata (comparatiely) smallsubsebf thesestructures
arelikely to beusedmostof thetime. Thus,only rarelywill peculiarstructuredbeadoptedtypically
whentheorganisatiorhasa very specificandunusuaketof requirements).

Any methodologythatencouragese-useof pre-defineccomponentaindarchitecturesvill ease
andspeed-uphework of bothdesigneranddevelopers.Object-orientedechnologyhasrecognised
this needandimprovedre-usevia design-patterngLQ]. In this case the mostwidely-usedpatterns
of compositionandinteractionof object-orientedgsystemshave beencataloguedandpreciselyde-
scribedin termsof extent of applicability sampleimplementationand caseof useexamples. A
software designercanthenrely on thesecataloguesandbuild applicationsby composingandre-
usingnotonly singleobjects but whole piecesof the softwarearchitecture.

In the areaof agent-basedystemswe ervisagesomethingsimilar with respectto the most
widely usedorganisationaktructures. Thuswith the availability of cataloguef organisational
patterns designersanrecognisan their MASs the presencef known patternsandre-usedefini-
tionsfrom the catalogue.Iln addition,designersanalsobe guidedby the catalogudn the choice
of themostappropriaterganisationapatterngor their MAS. Of coursefor patterndo beproperly
exploited, the organisationastructuremusthave beenexplicitly identifiedin thedesignphase.

In the pipeline example,the pipeline organisationbetweenagentsexpressesn organisational
patternthatis likely to re-appeam mary applicationgandwhichis alreadywidely exploitedasan
architecturapatterndn traditionalsoftwaresystems) The samecanalsobesaidof thehierarchical
pipelinestructure.

In bothcasesif acataloguef patternsvasavailable,thedesignercouldrely onit to helpdefine
the systemstructure.In the conferencenanagemergxample,the variousorganisationaktructures
that conference®f differentsizestendto adoptare all fairly typical: from single hierarchiesto
multi-level anddivisionalones. Therefore alsoin this case|t is expectedthata methodologythat
malkesexplicit useof organisationapatternsavould easethe applicationdesign.
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4 Towards an Organisation-Oriented Methodology

Theexploitationof theorganisationaabstractionsve have introducechaturallypromotesanorganisation-
orientedmethodologyfor the analysisanddesignof MASSs.

Theanalysisphasas tasled with collectingall the specificationgrom which the designof the
computationabrganisationcanstart. This includestheidentificationof:

¢ theoverall goalsof the organisatiorandits expectedglobalbehaiour;

¢ the basicskills requiredby the organisationand the basicinteractionsrequiredfor the ex-
ploitationof theseskills (thatis, a preliminaryrole model);

¢ therulesthattheorganisatiorshouldrespectand/orenforcein its globalbehaiour.

The expectedoutputof theanalysisphaseshouldthereforebea 3-ple: < PR PP, OL >, where
PRarethepreliminaryrolesof thesystem(dervedfrom theidentificationof thebasicskills), PP are
the preliminaryprotocols(which have alreadybeendiscoreredto be necessaryor the preliminary
roles),and OL arethe organisationakules. It is worth noting that the analysisphaseshouldnot
committto ary specificorganisationabtructure.lnstead jts outputshouldbe (andbe expressedn
terms)independentf ary specificorganisationatructure.

Thedesignphasebuilds on the outputof the analysisphaseandproduces completespecifica-
tion of the MAS. To this end,the designphasecanbe decomposedhto thefollowing phases:

e definition of the organisationaktructure;by choosingthe topology andthe control regime.
Thisinvolvesconsidering(i) the overall organisationakfficiengy, (ii) the needto respectind
enforcethe organisationatules,and(iii) thecorrespondingif ary) real-world organisation;

e completionof the preliminaryrole model; baseduponthe adoptedorganisationaktructure,
and by keepingas separateds possible,the organisational-indesrdert aspectydetected
from the analysisphase)andthe organisational-depalent ones(deriving from the adoption
of aspecificorganisationastructureandfrom theinsertionof rolesandprotocolsin it) ;

o exploitation of well-known organisationapatternson the basisof the systems identifiedor-
ganisationastructure.

Like Gaia,we view the outputof the designphaseasa specificationthat canbe picked up by
usinga traditionalmethod(suchasobjectorientationor component-wre) or thatcould be imple-
mentedusinganappropriateagent-programmingamenork shouldonebe available.

5 RelatedWork

Traditionalanalysisanddesignmethodologiessuchasobject-orientedneq1], arepoorly suitedto
MASs becaus®f the fundamentamismatchbetweenthe abstractionshey provide. Consequently
we believe that thoseefforts that attemptto simply extend object-orientednethodologieto MAS
[15, 14] will inevitably fall short. Moreover, traditionalcompositionaimethodsor object-oriented
software architectureg17, 2] alsohave limited applicability in the definition of organisationgor
MASSs. Onthe onehand,the definedinteractionmodelsaretoo staticif comparedo the dynamic

12



interactionmodeldefinedby agentsOn the otherhand,the functionality-orieted modellingof the
interactionsetweernhe systemcomponentelasheswith therole-orientedoerspectie of MASSs.

For thesereasonsa numberof specificallyagent-orientednethodologiehave beenproposed
in recentyears(see[12] for a sunwey). Several of theseattemptto exploit theideaof a MAS asa
computationabrganisation.However, in the majority of casestheseworks suffer from a blurring
of the analysisand designphases.In addition, mostof theseproposalsiefinean organisationas
a collection of roles (i.e., a role model), without introducingary higherlevel organisationalab-
stractions.This is preciselywhathappensfor example,in the ALAADDIN system[8] where“the
groupstructure’is simply the collectionof rolesthatcomposeheorganisation Analogouslyin the
ToolKit approact6], anorganisationis definedsimply by the setof rolesthat composét andby
theinteractionprotocolsthathave to occurbetweerroles.

Neither of theseapproacheéncorporatethe notionsof organisationakules or organisational
structuresand,for the reasonsve have outlined,will belimited in the rangeof agentsystemghey
candealwith.

The Gaiamethodology{22] doesprovide a cleanseparatiorhetweenthe analysisand design
phases.However, it suffers from several limitations that are causedby the incompletenessf its
organisationahbstractions.The objective of Gaias analysisphaseis to definea fully elaborated
role model, derived from the systemspecification,togetherwith an accuratedescriptionof the
protocolsin whichtheroleswill beinvolved. Thisimplicitly assumeshattheoverall organisational
structureis a priori knovn. However, asalreadystatedthis is not alwaysthe case.In addition,by
focusingexclusively ontherole model,theanalysisphaséails to identify ary globalorganisational
rules(making Gaiaunsuitablefor modelingopensystemsandfor controlingthe behaiour of self-
interestedagents).

Somework in theareaof coordinatiormodelsandlanguage$11, 4] doesexplicitly addresshe
problemof definingglobalrules (“coordinationlaws”) to rule the behaiour andthe interactionof
agentensemble$b, 18]: all interactionshave to occurvia specific“coordinationmedia”, whose
internal behaiour can be programmedso asto implementspecificpolicies for governing agent
interactions.However, this work tendsnot to defineary methodologyfor the analysisanddesign
of thosesystemsThe Fishmarlet systenfor agent-mediateductionq16] alsorecognisesheneed
to force agentsto actin accordancevith the “social corventions”thatrule the organisationof an
auction. To this end, the systemdynamicallyassociate$o eachagentin the auctiona “controller
agent. This agentis in chage of mediatingall the interactionsand of makingagentsrespecthe
auctioncorventions.

Finally, therehasbeensomepreliminarywork on catalogue®f agentpatterng20, 14]. How-
ever, in mostcasesthesepatterndacktheorganisation-orieted perspectie uponwhichtheanalysis
anddesignof MASs mustbe based.Also, the definition of thesepatternsabstractsaway from ary
specificmethodologyfor MAS analysisanddesignwhich shouldencouragendfacilitatethere-use
of thesepatterns.

6 Conclusionsand Future Work

This paperhasanalyseda numberof issuesrelatedto the analysisand designof multi-agentsys-
tems. Specifically we have consideredhe view of developingmulti-agentsystemsasa processof
constructingcomputationabrganisations.To date,the organisationaconceptf agentrolesand
role modelshave becomeanimportantresearclareain thefield of agent-basedystemsHoweverin
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this papemwe have introducedthreefurtherorganisationabbstractionsorganisationatules,organ-
isationalstructuresandorganisationapatterns.Theseconceptsalthoughneglectedby the current
methodologie$or agent-orientegdoftwareengineeringarenevertheles®f fundamentaimportance
in multi-agentsystemsandwe thereforebelieve they shouldplay a centralrole in any methodol-
ogy. Having introducedandmotivatedtheseorganisationahbstractionswe sketchedsomegeneral
guidelinedor anew methodologyfor theanalysisanddesignof multi-agentsystemghatis centered
aroundorganisationabbstractions.

Furtherwork is neededo detail the proposedmethodologyby (i) formalisingthe conceptof
organisatiorrulesandorganisationaktructures(ii) providing suitablenotationsfor expressinghe
expectedoutputsof the analysisand designphasesand (iii) identifying the guidelinesthat assist
the designeiin the choiceof organisationabtructure(this may possiblybe supportedy analytical
methodsandexperimentaresults).
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