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Abstract. The architectureof a multi-agentsystemcannaturallybe viewed as
a computationalorganisation.For this reason,we believe organisationalabstrac-
tionsshouldplayacentralrole in theanalysisanddesignof suchsystems.To this
end,the conceptsof agentrolesandrole modelsareincreasinglybeingusedto
specifyanddesignmulti-agentsystems.However, this is not the full picture.In
thispaperweintroducethreeadditionalorganisationalconcepts— organisational
rules,organisationalstructures,andorganisationalpatterns— thatwebelieveare
necessaryfor thecompletespecificationof computationalorganisations.Weview
the introductionof theseconceptsasa steptowardsa comprehensive methodol-
ogy for agent-orientedsystems.

1 Intr oduction

Autonomousagentsandmulti-agentsystems(MASs)arerapidlyemergingasapower-
ful paradigmfor designinganddevelopingcomplex softwaresystems.However, asis
the casewith any new softwareengineeringparadigm,the successfulandwidespread
deployment of MASs requiresnot only new modelsand technologies,but also new
methodologies to supportdevelopersengineersuchsystemsin a robust, reliable,and
repeatablefashion.In the last few years,therehave beenseveral attemptsto develop
suchmethodologies.However, mostof thiswork is eithertunedto specificsystemsand
agentarchitectures[9,4] — thusit lacksgenerality— or it is definedasanextension
of existing object-orientedmethodologies[14] — thusit exploits abstractionsthatare
unsuitablefor modellingagent-basedsystems.

Againstthis background,only a few proposalsexist thatattemptto definecomplete
andgeneralmethodologies,specificallytailoredto the analysisanddesignof MASs.
Onesuchmethodologyis Gaia[32]. Gaiaviewstheprocessof analysinganddesigning
multi-agentsystemsasoneof constructingcomputationalorganisations.Thus,multi-
agentsystemsareviewedasbeingcomposedof a multitudeof autonomousinteracting



entities(anorganisedsocietyof individuals)in which eachagentplaysone(or more)
specific roles. In particular, Gaia, like a few other agent-orientedmethodologies[9,
7,16], suggestsdefiningthe structureof a MAS in termsof a role model. This model
identifiestherolesthatagentshaveto playwithin theMAS andtheinteractionprotocols
in which thedifferentrolesareinvolved.

Theadoptionof arolemodelasthemainorganisationalabstractionmakestheabove
mentionedmethodologymostlytargettedat MASs in which theagentsarecooperative
andin which thesystemis closed.However, in orderto dealwith systemsthat involve
self-interestedagentsoperatingin anopenenvironment,we believe thatadditionalor-
ganisationalabstractionshave to be introducedin a methodology[33]. In particular,
webelievethatorganisationalrules, organisationalstructures, andorganisationalpat-
ternsmustalsoplay a primaryrole in theanalysisanddesignof MASs.Organisational
rulesexpressgeneral,global (supra-role)requirementsfor theproperinstantiationand
executionof a MAS. An organisationalstructuredefinesthespecificclass(amongthe
many possibilities)of organisationandcontrolregimeto which theagents/roleshaveto
conformin orderfor thewholeMAS to work efficiently andaccordingto its specified
requirements.Organisationalpatternsexpresspre-definedand widely usedorganisa-
tional structuresthatcanbere-usedfrom systemto system(in a mannersimilar to the
way cataloguesof patternsarewidely exploited in the designof object-orientedsys-
tems)[11].

In thispaper, weshow, with theaidof two applicationexamples,thatadoptionof the
aboveorganisationalabstractionscanleadto amethodologythatis applicableto awide
spectrumof agentsystems.We alsobelieve that the introductionof high-level organi-
sationalabstractionscanleadto moreclean,manageable,andre-usableMAS designs.
Specifically, thepaperis organisedasfollows.Section2 introducesthebasicconcepts
underlyingagentsandmulti-agentsystems.Section3 introducestheadditionalorgan-
isationalabstractionsthatareneededfor a methodologyto apply to opensystemsand
motivatestheiradoption.Section4 briefly sketcheshow ourorganisationalabstractions
canbe exploitedduring the analysisanddesignof MASs. Section5 discussesrelated
work in this areaandsection6 concludesby outlining the openissuesandthe future
researchdirections.

2 Multi-Agent Systemsand Organisations

Agentsaresoftwareentitiesthat exhibit autonomousandproactivegoal-directedbe-
haviour — their activities arenot subjectto a globalflow of controlandthey cantake
the initiative whereappropriate— andthatarereactiveto changesin theenvironment
in which they aresituated[31,19]. Thesecharacteristicsmake agentsusefulasstand-
aloneentitiesthat aredelegatedto accomplisha given taskon behalfof a user(e.g.,
personaldigital assistants,e-mail filters, or simple robots).However, in the majority
of cases,agentsexist in thecontext of multi-agentsoftware systems, whoseglobalbe-
haviour derivesfrom the interactionamongtheconstituentagents[13]. In thesecases,
agentsalsoexhibit socialbehaviour; they interactwith oneanother:eitherto cooperate
to achieve a commonobjective or becausethis helpseachof the interactingagentsto
achievetheir own objectives.



Here,we distinguishbetweentwo main classesof multiple agentsystem:(i) dis-
tributedproblemsolvingsystemsin whichthecomponentagentsareexplicitly designed
to cooperatively achieve a givengoal,and(ii) opensystemsin which agents,not nec-
essarilyco-designedto sharea commongoal,candynamicallyleave andenterthesys-
tem.In theformercase,all agentsareknown apriori, andall agentsaresupposedto be
benevolentto eachotherand,therefore,they cantrustoneanotherduring interactions.
In thelattercase,thedynamicarrival of unknownagentsneedsto betakeninto account,
aswell asthepossibilityof self-interestedbehaviour in thecourseof theinteractions.

2.1 The OrganisationalMetaphor

Thedesignof parallelanddistributedapplications,aswell asof distributedobjectsys-
tems,usuallyrelieson anarchitecturethatderivesfrom thedecompositionof thefunc-
tionalities anddatarequiredby the systemto achieve its goal, andon the definition
of their inter-dependencies[2]. In MASs, however, the autonomousandproactive be-
haviour of theconstituentagentssuggeststhatapplicationscanbedesignedby mimick-
ing thebehaviour andstructureof humanorganisations.Thuseachagentis assigneda
specificrole in thesystem.That is, a well-definedtask/responsibilityin thecontext of
theoverall system,thattheagenthasto accomplishin anautonomousfashion,without
any centralisedcontrol.In this model,interactionsareno longermerelyanexpression
of inter-dependencies,ratherthey areviewedasa meansfor anagentto accomplishits
role in theorganisation.Therefore,interactionsarewell-identifiedandlocalisedin the
definition of the role itself, andthey help characterisethe positionof the agentin the
organisation.

An organisationalperspectivecanalsomake thedesignof thesystemlesscomplex
andeasierto managethanmoretraditionalmetaphorsfor concurrentsystems.Firstly,
eachagentbecomesa separatelocus of control, in charge of accomplishingits role
andbeingfully responsiblefor it. Secondly, sinceagentstypically embedmostof the
functionalitythey needto accomplishtheirrole,inter-dependenciesbetweenthesystem
componentsarelikely to bereduced.Whentakentogether, thesepointseasethedesign
processbecausethey lead to a cleanerseparationbetweenthe component-level (i.e.,
intra-agent)andsystem-level (i.e., inter-agent)designdimensions.

A final advantagerelatesto thefactthat,in many cases,MASs areintendedto sup-
port and/orcontrolsomereal-world organisation.For example,MASs canbeadopted
to supportthe workflow managementin a teamor to help control the activities of an
Internetauction.In suchcases,anorganisation-basedMAS designreducestheconcep-
tual distancebetweenthesoftwaresystemandthereal-world systemit hasto support.
Consequently, thissimplifiesthedevelopmentof thesystem.

2.2 An OrganisationalCharacterisation of Multi-Agent Systems

Theorganisationalperspectiveleadsto ageneralcharacterisationof aMAS asdepicted
in figure 1 [7,15]. Although somesimplersystemscanbe viewed asa singleorgan-
isation,assoonasthe complexity increases,modularityandencapsulationprinciples



suggestsplittingthesysteminto differentsub-organisations.Thus,in mostcases,acom-
plex multi-agentsystemcanbeviewedasseveral interactingorganisations. Naturally
a givenagentcanbepartof multiple organisations.
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Fig.1. Characterisationof a Multi-Agent System

In eachorganisation,anagentcanplayoneor moreroles. Therole is whattheagent
is expectedto do in theorganisation:both in cooperationwith theotheragentsandin
respectof theorganisationitself.

Often, the role of an agentis simply definedin termsof the specifictaskthat the
agenthasto accomplishin thecontext of theoverallorganisation.However, in ourwork
thenotionof aroleis muchmoreprecise,in thatit givesanagentawell-definedposition
in theorganisation,with a setof associatedexpectedbehaviours.

To accomplishtheir role in theorganisation,agentstypically needto interact with
eachotherin orderto exchange knowledge andcoordinate their activities. Therefore,
the conceptof inter-agentinteractionsis strictly relatedto the role of an agent.It is
therole thatrequiresa givenform of interaction.Evenmoreprecisely, anagent,by the
very fact that it playsa givenrole andhasa well-definedpositionin the organisation,
is committedto certaininteractionprotocolswith theotheragentsin theorganisation.
Of course,the needto interactaccordingto specificprotocolsrequiresthe presence
of a communicationmediumbetweenagents.This canbeeithera traditionalnetwork
infrastructure,typically enforcinga message-passinginteractionmodel,or anotherin-
frastructurepossiblyenforcinga different interactionmodel(e.g.,a shareddataspace
enforcinganindirect,data-orientedinteractionmodel[12]).

Generallyspeaking,a MAS is immersedin a given environmentwith which the
agentsmayneedto interactin orderto accomplishtheirrole.This interactionoccursvia
sensorsandeffectors, i.e.,mechanismsthatenableagentsto senseandeffecta selected
portionof theenvironment.Thatportionof theenvironmentthatanagentcansenseand
effect is determinedby theagent’sspecificrole,aswell ason its currentstatus.



2.3 Exemplar Multi-Agent Systems

To illustrateourpointsontheneedfor organisationalabstractions,wewill considertwo
sampleproblemsthatwill actasrunningexamplesthroughoutthispaper.

ManufacturingPipeline: As an exampleof a MAS that belongsto the classof dis-
tributedproblemsolvers,we will considera systemfor thecontrolof a manufacturing
process.For example,let usconsidertheprocessof assembling,paintingandpacking
metalhardware.Typically, sucha control systemcanbedelegatedto a multiplicity of
agentorganisations,eachdevotedto the controlof a well-definedportionof the over-
all manufacturingprocess(e.g.,theassemblingsectionor thepaintingsection).Within
eachsection,agentscanthenbeassociatedwith thecontrolof aspecifictool in thecon-
trol systemor to the control of a specificconditionthatmustbe assuredto guarantee
thecorrectnessof theprocess.

In thiscontext, wespecificallyconsideramanufacturingpipelinein whichitemsare
transformed/augmented(e.g.,apipelinein whichmetalitemsarepainted).Here,differ-
entagentscanbedevotedto thecontrolof differentstagesof thepipeline(e.g.,anagent
is devotedto controlthepaintspraying,anotheris devotedto controltheheattreatment
of thepaint,anotherof controllingthecoolingprocess).Agentsinteractbothindirectly
throughtheenvironmentanddirectly, throughvariousformsof interactionprotocol.In
suchanorganisation,therole of eachagentis thatof “stageof thepipeline”, in charge
of ensuringthat a specificportion of the pipelineworks properly (e.g.,that the oven
maintainsa constanttemperatureandthat the cooling systemdoesnot cool itemstoo
fast).To thisend,agentsneedto senseandeffect thatportionof theenvironmentwhich
representsthestageof thepipelineof which they arein charge.In addition,theagents
needto interactto achieve a properglobal functioningof the pipeline (for instance,
by guaranteeinga uniform flux of itemsthroughoutthe pipelineandby guaranteeing
thattheglobalflux of itemdoesnot exceedthe“processingcapabilities”of eachof the
stages).

ConferenceManagement:As anexampleof anopensystemwewill consideranagent-
basedsystemfor supportingthe managementof an internationalconference.Setting
up andrunninga conferenceis a multi-phaseprocessinvolving severalindividualsand
groups.During thesubmissionphase,authorsof submittedpapersneedto beinformed
thattheirpapershavebeenreceivedandthey needto beassignedasubmissionnumber.
Oncethe submissiondeadlinehaspassed,the programcommittee(PC) hasto handle
the review of the papers;contactingpotential refereesand askingthem to review a
numberof the papers.After a while, reviews areexpectedto comein andbe usedto
decideabouttheacceptance/rejectionof thesubmissions.Authorsneedto benotifiedof
thesedecisionsand,in caseof acceptance,mustbeaskedto producethecameraready
versionof their revisedpapers.Finally, the publisherhasto collect the cameraready
versionsfrom theauthorsandprint thewholeproceedings.

Theconferencemanagementproblemnaturallyleadsto a conceptionof thewhole
systemasa numberof differentorganisations,one for eachphaseof the process.In
eachorganisation,thecorrespondingMAS canbeviewedasbeingmadeup of agents
associatedto the personsinvolved in the process(authors,PC Chair, PC Members,



Reviewers).The rolesplayedby eachagentreflect the onesplayedby the associated
personin theconferenceorganisation.They mayrequireagentsto interactbothdirectly
with eachother and indirectly, via an environmentcomposedof papersand review
forms. Sincean agentis directly associatedwith a person,and its behaviour can be
influencedby that person,opportunisticbehaviour canemerge in the application.For
example,anauthorcouldattemptto review their own paperor a PCMembercouldtry
to dealwith fewer papersthanthey should.In addition,asthenaturalenvironmentfor
theMAS is theInternet— dueto theworld-widenatureof theconferenceorganisation
— interactionswith agentsexternalto theMAS itself arelikely to occur. For instance,
a reviewercandecideto exploit its own personalagentto interactwith theotheragents
of theorganisation.

3 OrganisationalAbstractions

Organisationalrole modelspreciselydescribeall therolesthatconstitutethecomputa-
tional organisation;in termsof their functionalities,activities, andresponsibilities,as
well asin termsof their interactionprotocolsandpatterns,which establishtheposition
of eachrole in theorganisation[32,9,7] . However, suchrolemodelscannotbeconsid-
eredasthe soleorganisationalabstractionuponwhich to basethe entiredevelopment
process.Rather, beforethedesignprocessactuallydefinesthe role modeland,conse-
quently, thewholeorganisation,a numberof otherstepsneedto beperformed.Firstly,
theanalysisphaseshouldidentify how theorganisationis expectedto work. Secondly,
the designphaseshoulddefinewhich kind of organisationbestfits the requirements
identifiedin theanalysisphase.Thirdly, it needsto bedeterminedwhetherany re-use
of available componentscan be exploited in somepart of the organisationaldesign.
Whentaken together, this necessitatesthe introductionof threefurther organisational
abstractions:organisationalrules(section3.1), organisationalstructures(section3.2),
andorganisationalpatterns(section3.3).

3.1 OrganisationalRules

Theanalysisphaseaimsto collectall thespecificationsandrequirementsfor building
theMAS. To thisend,it is possibleto identify thebasicskills (functionalitiesandcom-
petences)requiredby theorganisation,aswell asthebasicinteractionsthatarerequired
for theexploitationof theseskills. However, until thedesignphasehasdecidedwhich
organisationis most appropriatefor the system,the identified skills and interactions
cannotfully definetherolesandtheinteractionprotocolsthatwill beplayedin thesys-
tem (i.e., at defininga completerole model): this would imply an early commitment
to a specificform of organisation.Instead,whattheanalysisphasecanfurther identify
— evenin theabsenceof a completerole model— aretheconstraintsthat the actual
organisation,oncedefined,will have to respect.

Theimplementationand/orexecutionof a computationalorganisationwill have to
respecta numberof constraints,whoseidentificationcaneither:(i) spreadhorizontally
overall therolesandprotocols(or, which is thesamein thiscontext, over theidentified
preliminary rolesand protocols),or (ii) expressrelationsand/orconstraintsbetween



roles,protocols,or betweenroles andprotocols.For example,in the caseof human
organisations:(i) socialconventionsdefinea setof implicit rulesthatmoderatethe in-
teractionsbetweenall members(e.g.,aclerkcannotcontradictor ignorethecommands
of his manager),(ii) company specificconventionsmight imposeconstraintson how
differentroleshaveto beplayedin eachof its organisations(e.g.,aclerkcannotassume
arole thatwould imply amemberof themanagingstaff to besomehow subordinatedto
his clerk).

In both cases,suchglobal constraintscannoteasily be expressedin termsof in-
dividual rolesor individual interactionprotocols.Nevertheless,their identificationis
importantfor thecorrectdevelopmentof thesystemand,therefore,they mustbetaken
into accountby thedesignerwhenactuallydefiningtheorganisationof thesystem.To
capturethis typeof informationwe usetheconceptof organisationalrules.

Theexplicit identificationof organisationalrulesis of particularimportancein the
context of openagentsystems.With thearrival of new, previously unknown, andpos-
sibly self-interestedagents,theoverall organisationmustsomehow enforceits internal
coherency despitethe dynamicanduntrustworthy environment.The identificationof
globalorganisationalrulesallows thesystemdesignerto explicitly define:(i) whether
andwhento allow newly arrived— possiblyunknown — agentsto enterthe organi-
sation,and,onceaccepted,what their position in the organisationshouldbe; and (ii)
which behaviours shouldbe consideredas an expressionof self-interest,and which
amongthemmustbepreventedby theorganisation.In thiscontext, organisationalrules
mayalsodrivethedesignertowardsthedefinitionof thespecificorganisationthatmost
easesthe enforcementof the organisationalrulesand,for instance,canfacilitatepre-
ventingundesirablebehavioursof unknown andself-interestedagents.

In the manufacturingpipeline example,all the different stageshave to maintain
the samespeedof flow of itemsin the pipeline.This requirementcanbe moreeasily
expressedin termsof aglobalorganisationalrule,ratherthanreplicatingit asarequire-
mentfor eachandeveryrole in theorganisation.In theconferencemanagementsystem,
thereareanumberof rulesthatdrivetheproperimplementationof theorganisation.As
notableexamples:an agentshouldbe preventedfrom playing both the role of author
andreviewerof thesamepaperandPCMembersshouldnot bein chargeof collecting
the reviews for their own papers.Neitherof theseconstraintscaneasilybe expressed
in termsof properties/responsibilitiesassociatedto singlerolesandprotocols.Instead,
they representglobalorganisationalrules.

3.2 OrganisationalStructur es

A rolemodeldescribesall therolesof anorganisationandtheirpositionsin thatorgan-
isation.Therefore,a role modelalsoimplicitly definesthe topology of the interaction
patternsandthe control regimeof the organisation’s activities. That is, it definesthe
overall organisationalstructure. For example,a role modeldescribinganorganisation
in termsof a “masterrole” and“slave roles” — wherethe former is in charge of as-
signingwork to thelatterandof loadbalancingtheir activities — implicitly definesan
organisationalstructurebasedahierarchicaltopologyandonaloadpartitioningcontrol
regime. Other exemplarorganisationalstructuresinclude collectivesof peers,multi-



level andmulti-divisionalhierarchies[10], andthey canall be modelledin term of a
role model.

However, it is conceptuallywrong to think of a role modelassomethingthat ac-
tually definestheorganisationalstructure.Instead,in thedesignof a MAS, aswell as
in thedesignof any organisation,therole modelshouldderive from theorganisational
structurethat is explicitly chosen.Thusorganisationalstructuresshouldbe viewed as
first-classabstractionsin thedesignof MASs.

Thedefinition of the system’s overall organisationalstructurecanderive from the
specificationscollectedduringtheanalysisphase,aswell asfrom otherfactors,related
to efficiency, simplicity of applicationdesign,andorganisationaltheory [10]. In any
case,a methodologycannotstarttheanalysisphaseby attemptingto definea complete
role modelthatimplicitly setstheorganisationalstructure.Rather, thedefinitionof the
organisationalstructureis a designchoicethat shouldnot be anticipatedduring the
analysisphase.In fact:

– startingfrom theorganisationalstructure— by pretendingto know in advancewhat
it shouldbe or by committinga priori to a given organisationalstructure— may
preventsubsequentoptimizationandchange;

– although,in severalcases,theorganisationalstructureof a MAS is directly driven
by its counterpartin the real-world systemthat the MAS is supposedto support,
automateor monitor, this shouldnot automaticallyimply that the organisationof
the softwaresystemshouldmimic that of the real counterpart.Instead,the MAS
maybebetteradoptinga differentorganisationalchoice.Thereareseveralreasons
why this couldhappen:


 the realworld organisationmaynot bewell structuredandtheanalysisphase
couldhighlightseveralshortcomings;
 thesoftware,in itself,maychangethewayof working.Thus,themerepresence
of the softwareintroduceschangesin the real organisationandthesechanges
needto bereflectedin theMAS;
 the efficiency issuesthat may have driven a humanorganisationtowardsthe
adoptionof a particularorganisationalstructuremay not necessarilyapply to
theagentorganisation.

– theorganisation,oncedefined,hasto respecttheorganisationalrules.Startingfrom
a pre-definedorganisationalstructurecan make it difficult to have the organisa-
tional rulesrespectedandenforcedby the organisation.Instead,the choiceof the
organisationhasto follow theidentificationof theorganisationalrulesandhave to
bepossiblydrivenby them.

In the manufacturingpipelineexample,the mostnaturalchoiceis to have an or-
ganisationalstructurein which all of thestagesin thepipelinearepeers,andin which
they directly interactwith their neighboursasneeded.For instance,with referenceto
Figure2, the stagesStage1,Stage2,Stage3,andStage4arecontrolledby agentsR1,
R2, R3 andR4, respectively, andeachof theseagentsdirectly interactswith its neigh-
bours.This closely mimics the structureof the real-world pipeline.However, this is
not theonly possiblechoice.Moreover, it maynot necessarilybethebestone.For in-
stance,dueto thereal-timenatureof thepipelinecontrolproblem,it mayhappenthat



Stage 1 Stage 2 Stage 3 Stage 4 Other Organisations

R1 R2 R3 R4

Fig.2. A Manifacturingpipeline:pipelineorganisation

a problemthatrequiresglobalcoordinationbetweenall theagentscannotbesolvedin
duetime, becauseof the high coordinationcostsassociatedwith peer-basedsystems.
In suchcases,thedesignercanadopta differentorganisationalstructure:for example,
assketchedin Figure3, it can introducea global coordinatoragentRC in charge of
controlling and mediatingthe interactionsfor all the other agents,thus leadingto a
hierarchicalorganisation.

In theconferencemanagementexample,theoverallstructureof theorganisationcan
generallybederivedfrom thestructuretheconferenceorganisershavedecidedto adopt.
However, it is oftenthecasethatthesameconferencevariesits organisationalstructure
from yearto year, dependingonboththesizeof theconferenceandtheorganisers’atti-
tudes.For example,asmallconferenceusuallyreliessolelyon thePCMembersfor the
review process,andthePCChairactsasa globalcoordinator, in a single-level hierar-
chy, for thework of thePCMember(seeFigure4). In contrast,abig conferenceusually
hasto involveexternalreviewers.ThismayrequirethePCChairto partitionthepapers
amongthe PC Members,andthe PC Membersto be in charge of seekingthe appro-
priatenumberof reviews for theirassignedpartition.In otherwords,theorganizational
structureis a multi-level hierarchybasedon a work partitioningcontrol regimeat the
highestlevel (theoneof thePCChair)andon a globalcoordinationcontrol regimeat
thePCMemberlevel (seeFigure5).

If theanalysisphasecommitsthesystemto a specificorganisationalstructure,the
designerof the associatedMAS will find it difficult to adaptthe system,year after
year, to thechangingneeds.For instance,it is very likely thata conferencechangesits
dimensionsin differenteditionsand,consequently, its organizationalstructure.Thus,if
theanalysisphasesimply describesthe system’s requirements,abstractingaway from
any specificorganisationalstructure,thedesignercanreuseit to producea new design
accordingto theconference’snew organisationalstructure.

OrganisationalRelationshipsTheobviousmeansby which to specifyanorganisation
is by the inter-agentrelationshipsthat exist within it. We emphasisethat thereis no
universallyacceptedontologyof organisationalrelationships:differenttypesof organ-
isationsmake useof entirely differentorganisationalconcepts.For example,notions
suchas“commandandcontrol”, which may be widely acceptedin military organisa-



Stage 1 Stage 2 Stage 3 Stage 4 Other Organisations

R1 R2 R3 R4

RC

Fig.3. A Manifacturingpipeline:hierarchicalorganisation

tions,tendnot to beusedin (most)academicorganisations.Nevertheless,asafirst pass
towardsmore completecharacterisationsand formalisations,we can identify certain
typesof relationshipsthatfrequentlyoccurin humanandotherorganisations:

– control — which identify theauthoritystructureswithin asystem;
– peer— which identify agentsof equalstatus;
– benevolence— which identify agentswith sharedinterests;
– dependency— which identify thewaysin which oneagentmayrely on another;
– ownership— whichdelimit organisationalboundaries.

Note that these(binary) relationshipsexist betweenroleswithin a system— let � be
the set of all suchroles. In what follows, we give the intuition behindeachtype of
relation.We thengo on to give a preciseformal definition of the semanticsof these
relationships.

Perhapstheparadigmexampleof anorganisationalrelationshipis thatof oneagent
controlling another. Intuitively, if a role r controlsanotherrole r � , thenr � will perform
any servicedemandedof it by r. If r controlsr � , thenasfarasr is concerned,therole r �
is a resourceto beusedasdesired.Any control relationship��������� , mustsatisfy
thefollowing properties:

– (Reflexive): � r � r ����� , for all r ��� .
Any role controlsitself.

– (Transitive): if � r � r ������� and � r � � r � �!����� then � r � r � ������� .
If Ann controlsBob,andBobcontrolsCharles,thenAnn controlsCharles.

– (Anti-symmetric):if � r � r �"����� , then � r � � r ��#��� .
If Ann controlsBob, thenBobdoesnot controlAnn.

Peer relationshipscapturethe notion of “equal status”within organisations.For
example,considertwo professorsin thesameuniversity, but in differentdepartments.



Paper 1 Paper 2 Paper 3 Paper 4

Rf 1 Rf2 Rf3 Rf4

Environment

PC Member
(reviewer)

PC Member
(reviewer) (reviewer)

PC Member
(reviewer)

PC Member

PC Chair

reviews and 
(assigns

collect them)

Fig.4. Conferencemanagement:in a small conference,the PC Chair andassignsthe reviews
directly to PCMembersand,possibly, to itself

Theseprofessorshaveequalstatus,eventhoughthey maynot interactwith one-another
in the normalcourseof events.Statusrelationshipshave implicationsfor how agents
shouldinteractwith one-another. Any peerrelationship$%�&�'��� mustbeanequiv-
alencerelation:it mustbereflexive,symmetric,andtransitive.

Benevolenceis theclassicassumptionmadein researchondistributedproblemsolv-
ing (DPS) [8]. Putsimply, anagenti is saidto bebenevolentto anotheragentj if i will
offer its servicesto j whenever it is ableto do so.Notethatthis is not thesameascon-
trol. If Ann is benevolent to Bob, thenAnn is inclinedto helpBob wherever possible,
exceptwherehelping Bob would prevent oneof her own goalsbeing satisfied.For-
mally, a benevolencerelation ()�*�+��� mustbereflexive andsymmetric.Notethat
abenevolencerelationis not (necessarily)transitive.Thusit is entirelypossiblefor r to
bebenevolentto r � , andfor r � to bebenevolentto r � � , without r beingbenevolentto r � � .
To seewhy this is thecase,considerfor examplebenevolencerelationsbetweencoun-
tries: it is entirelypossiblefor theUSA to bebenevolentto (for example)Switzerland,
andfor Switzerlandto be benevolent to Ruritania,without the USA beingbenevolent
to Ruritania.(Situationslike this arecommonin internationalrelations!)

DependencyRelationshipsexist 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 factmany sub-classesof dependencerelationthatmayexist
betweenagents(see,e.g.,[27]). For example,Ann andBobmaybemutuallydependent
on one-another;Bob may be dependenton Ann but Ann doesnot know it, or he may
be dependenton Ann but he doesnot know it, andso on. Dependency relationsare
reflexiveandtransitive,but neednot besymmetric.
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Fig.5. Conferencemanagement:in a big conference,thePCChair partitionsthepapersamong
the PC Membersthat, in their turns,are in charge of finding the appropriaterefereesfor their
assignedpapersandof collectingthereviews

Finally, turningto ownershiprelations,theideais to delimit boundariesof common
ownership— thusall the agentsbelongingto organisationo aregroupedtogether, as
areall theagentsbelongingto o� , andsoon.Every agentis requiredto bethemember
of at leastoneownershipgroup,which mayof coursebea singletonset.Formally, any
ownershiprelation ,%�-�'��� mustbeanequivalencerelation.

3.3 OrganisationalPatterns

Therearenumerouspotentialorganisationalstructures,bothin termsof topologyof the
interactionsandcontrolregimes[10]. However, webelievethata(comparatively)small
subsetof thesestructuresarelikely to beusedmostof thetime.Thus,only rarelywill
peculiarstructuresbeadopted(typically whentheorganisationhasa very specificand
unusualsetof requirements).

Any methodologythatencouragesre-useof pre-definedcomponentsandarchitec-
tureswill easeandspeed-upthework of bothdesignersanddevelopers.Object-oriented
technologyhasrecognisedthis needandincreasedthe potentialfor re-usevia design-
patterns[11]. In thiscase,themostwidely-usedpatternsof compositionandinteraction
of object-orientedsystemshave beencatalogued,andpreciselydescribedin termsof
extentof applicability, sampleimplementation,andusecases.A softwaredesignercan
thenrely on thesecatalogues,andbuild applicationsby composingandre-usingnot
only singleobjects,but wholepiecesof thesoftwarearchitecture.



In the areaof agent-basedsystems,we envisagesomethingsimilar with respect
to the mostwidely usedorganisationalstructures.Thuswith the availability of cata-
loguesof organisationalpatterns, designerscanrecognisein their MASs thepresence
of known patterns,andre-usedefinitionsfrom thecatalogue.In addition,designerscan
alsobeguidedby thecataloguein thechoiceof themostappropriateorganisationalpat-
ternsfor theirMAS. Of course,for patternsto beproperlyexploited,theorganisational
structuremusthavebeenexplicitly identifiedin thedesignphase.

In thepipelineexample,thepipelineorganisationbetweenagentsexpressesanor-
ganisationalpatternthatis likely to re-appearin many applications(andwhichis already
widely exploitedasanarchitecturalpatternsin traditionalsoftwaresystems).Thesame
canalsobe saidof the hierarchicalpipelinestructure.In both cases,if a catalogueof
patternswasavailable,thedesignercouldrely on it to helpdefinethesystemstructure.

In the conferencemanagementexample,the variousorganisationalstructuresthat
conferencesof differentsizestend to adoptare all fairly typical: from singlehierar-
chies,to multi-level anddivisionalones.Therefore,alsoin this case,it is expectedthat
a methodologythatmakesexplicit useof organisationalpatternswould easetheappli-
cationdesign.

It is worthmentioningthatseveralattemptsto analyseandcatalogueorganisational
agentpatternscurrentlyexist [28,16,17]. However, in mostcases,this work abstracts
away from any specificmethodologyfor MAS analysisanddesignwhich shoulden-
courageand facilitate the re-useof thesepatterns.This, in turn, makes re-usemore
difficult.

4 Towards an Organisation-OrientedMethodology

The exploitation of the organisationalabstractionswe have introducednaturallypro-
motesanorganisation-orientedmethodologyfor theanalysisanddesignof MASs.

The analysisphaseis tasked with collectingall the specificationsfrom which the
designof thecomputationalorganisationcanstart.This includestheidentificationof:

– theoverallgoalsof theorganisationandits expectedglobalbehaviour;
– thebasicskills requiredby theorganisationandthebasicinteractionsrequiredfor

theexploitationof theseskills (thatis, apreliminaryrolemodel);
– therulesthattheorganisationshouldrespectand/orenforcein its globalbehaviour.

Theoutputof theanalysisphaseshouldthereforebea triple: . PR� PP� OL/ , where
PR arethe preliminaryrolesof the system(derived from the identificationof the ba-
sic skills), PP arethepreliminaryprotocols(which have alreadybeendiscoveredto be
necessaryfor thepreliminaryroles),andOL aretheorganisationalrules.It is worthnot-
ing that theanalysisphaseshouldnot committ to any specificorganisationalstructure.
Instead,its outputshouldbe (andbe expressedin terms)independentof any specific
organisationalstructure.

Thedesignphasebuildsontheoutputof theanalysisphaseandproducesacomplete
specificationof the MAS. To this end,designcanbe decomposedinto the following
phases:



– definitionof theorganisationalstructure;by choosingthetopologyandthecontrol
regime.This involvesconsidering:(i) theoverall organisationalefficiency, (ii) the
needto respectandenforcetheorganisationalrules,and(iii) thecorresponding(if
any) real-world organisation;

– completionof the preliminaryrole model;baseduponthe adoptedorganisational
structure,andby keepingtheorganisational-independent aspects(detectedfrom the
analysisphase)andtheorganisational-dependent ones(deriving from theadoption
of a specificorganisationalstructureandfrom the insertionof rolesandprotocols
in it) asseparateaspossible;

– exploitation of well-known organisationalpatternson the basisof the system’s
identifiedorganisationalstructure.

As in the Gaia methodology, we 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-ware)or that could be implementedusingan appropriateagent-
programmingframework shouldonebeavailable.

5 RelatedWork

Traditional analysisand designmethodologies,suchas object-orientedones[2], are
poorly suitedto MASs becauseof thefundamentalmismatchbetweentheabstractions
they provide [32]. Consequently, we believe that thoseefforts that attemptto simply
extendobject-orientedmethodologiesto MAS [18,16] will inevitably fall short.More-
over, traditionalcompositionalmethodsfor object-orientedsoftwarearchitectures[24,
3] alsohave limited applicability in the definition of organisationsfor MASs. On the
onehand,thedefinedinteractionmodelsaretoo staticwhencomparedto thedynamic
interactionmodeldefinedby agents.Ontheotherhand,thefunctionality-orientedmod-
elling of theinteractionsbetweenthesystemcomponentsclasheswith therole-oriented
perspectiveof MASs.

A numberof agent-specificmodellingtechniquesanddevelopmentmethodologies
have beenproposedin recentyears(see[14] for a survey), several of which attempt
to exploit the idea of a MAS asa computationalorganisation.In most of the cases,
organisation-orientedsystemsandmodellingtechniquesdefineanorganisationasacol-
lectionof roles(i.e.,a role model),without introducingany higher-level organisational
abstractions.This is preciselywhat happens,for example,in theALAADDIN system
[9] where“the groupstructure”is simply the collectionof rolesthat composethe or-
ganisation.Analogously, in theToolKit approach[7], anorganisationis definedsimply
by the setof rolesthat composeit andby the interactionprotocolsthathave to occur
betweenroles.Neitherof theseapproachesincorporatethe notionsof organisational
rulesor organisationalstructuresand,for thereasonswe have outlined,will belimited
in therangeof agentsystemsthey candealwith. In addition,theseproposalsdo notat-
temptto defineacompleteandclearmethodologyfor thedevelopmentof agentsystem
organisations.

Gaiastartsfrom theorganisationalmetaphoranddefinesa completemethodology
[32] for the developmentof multi-agentsystems.It also providesa cleanseparation



betweenthe analysisanddesignphases.However, it suffers from several limitations
thatarecausedby the incompletenessof its organisationalabstractions.Theobjective
of Gaia’sanalysisphaseis to defineafully elaboratedrolemodel,derivedfrom thesys-
tem specification,togetherwith an accuratedescriptionof the protocolsin which the
roleswill beinvolved.This implicitly assumesthat theoverall organisationalstructure
is known apriori. However, asalreadystated,this is notalwaysthecase.In addition,by
focusingexclusively on the role model,the analysisphasefails to identify any global
organisationalrules(makingGaiaunsuitablefor modelingopensystemsandfor con-
troling thebehaviour of self-interestedagents).

Similarshortcomingsalsoeffectmostof therecentlyproposedorganisation-oriented
methodologies.For example,theMASE (Multi-Agent SystemsEngineering)method-
ology [30] providescleanguidelinesfor developingmulti-agentsystems,basedon a
well-definedsix-stepprocess.This processdrivesdevelopersfrom analysisto imple-
mentation.However, onceagain,thedesignprocessfails to identify any organisational
abstractionotherthantherole model.

From a differentperspective, somework in the areaof coordinationmodelsand
languages[12,5] doesexplicitly addresstheproblemof definingglobalrules(“coordi-
nationlaws”) to specifythe behaviour andthe interactionof agentensembles.In this
work, all interactionshave to occur via specific“coordinationmedia”, whoseinter-
nal behaviour canbe programmedso asto implementspecificpoliciesfor governing
agentinteractions.However, only recentlyhave coordinationmodelsbeenrecognised
asusefulabstractionsuponwhichto definemethodologiesfor theanalysisanddesignof
thosesystems.To achievethis,thecoordinationmediaareexploitedasboththeconcep-
tual andphysicalrepositoryof theorganisationalrules[6, 26,25]. A somewhatsimilar
approachhasdriventhe implementationof the Fishmarket systemfor agent-mediated
auctions[23]. In Fishmarket,theneedto forceagentsto actin accordancewith the“so-
cial conventions”thatrule theorganisationof anauctionis recognised.To enactsocial
conventions,thesystemdynamicallyassociatesa “controller agent”with eachagentin
the auction.Controlleragentsact asa coordinationmedia,in chargeof mediatingall
theinteractionsandof makingagentsrespecttheauction’sconventions.

6 Conclusionsand Future Work

Thispaperhasdiscussedanumberof issuesrelatedto theanalysisanddesignof multi-
agentsystems.Specifically, we have consideredthe view of developing multi-agent
systemsasa processof constructingcomputationalorganisations.To date,the organ-
isationalconceptsof agentrolesandrole modelshave becomean importantresearch
areain thefield of agent-basedsystems.Howeverin thispaperwehaveintroducedthree
further organisationalabstractions:organisationalrules,organisationalstructures,and
organisationalpatterns.Theseconcepts,althoughneglectedby thecurrentmethodolo-
gies for agent-orientedsoftwareengineering,areneverthelessof fundamentalimpor-
tancein multi-agentsystems,andwethereforebelievethey shouldplayacentralrole in
any methodology. Having introducedandmotivatedtheseorganisationalabstractions,
wesketchedsomegeneralguidelinesfor anew methodologyfor theanalysisanddesign
of multi-agentsystemsthatis centeredaroundorganisationalabstractions.



Furtherwork is neededto detailtheproposedmethodology, by:

– fully formalisingthe conceptsof organisationrulesandorganisationalstructures.
This canpossiblybe achievedby refining the formalismthatwe have alreadyin-
troducedin Subsection3.2with respectto theorganizationalstructures.

– providing suitablenotationsfor expressingtheexpectedoutputsof theanalysisand
designphases.We expectstandardnotations,suchasUML, to berapidly adapted
to theneedsof agent-basedsoftwareengineering[1], aswell asnew agent-specific
methodologiesto emerge;

– identifyingguidelinesthatassistthedesignerin theidentificationof suitableorgan-
isationalstructuresfor the system.Hereanalyticalmethods,experimentalresults,
andcasestudyexperiencesarelikely to behelpful in supportingthechoice.

For all of the above topics, we expect significantcross-fertilisationof models,for-
malismsandexperiencesfrom a numberof differentresearchareas.Amongothers,the
researchareaof requirementsengineering[22] canprovide usefulguidelinestowards
theidentificationandthemodellingof organisationalrules;theresearchresultsof both
coordination,organizationalandmanagementsciences[20,29,21], which havewidely
studiedthestructuresof humanorganisationsandtheirmostcommonpatterns,arealso
expectedto play asignificantrole.
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