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Abstract. ThisarticlepresentGaia:a methodologyfor agent-oriente@nalysisanddesign.The Gaiamethodol-
ogyis bothgeneraljn thatit is applicableto a wide rangeof multi-agentsystemsandcomprehense, in thatit

dealswith boththemacro-leel (societal)andthe micro-level (agent)aspect®f systemsGaiais foundedon the
view of amulti-agensystemasa computationabrganisatiorconsistingof variousinteractingroles. Weillustrate
Gaiathrougha casestudy(anagent-basebusinesgprocessnanagemergystem).

1. Introduction

Progressn software engineeringover the pasttwo decadesiasbeenmadethroughthe
developmentof increasinglypowerful and naturalhigh-level abstractionsvith which to

modelanddevelopcomplex systemsProcedurahbstractionabstractiatatypes,and,most
recently objectsandcomponentsireall examplesof suchabstractionslt is ourbeliefthat
agentgepresenasimilaradwancen abstractionthey maybeusedby softwaredevelopers
to morenaturallyunderstandnodel,anddevelopanimportantclassof complec distributed
systems.

If agentsareto realisetheir potentialasa softwareengineeringparadigmthenit is nec-
essaryto develop software engineeringechniqueghat are specificallytailoredto them.
Existing software developmentechniquegfor example,object-orientedanalysisandde-
sign[2, 6]) are unsuitablefor this task. Thereis a fundamentaimismatchbetweenthe
conceptaisedoy object-orientedievelopergandindeed by othermainstreansoftwareen-
gineeringparadigmsandtheagent-orientegtiew [32, 34]. In particular extantapproaches
fail to adequatelyxaptureanagents flexible, autonomougproblem-solvingoehaiour, the
richnesof anagentsinteractionsandthe compleity of anagentsystems organisational
structuresFor thesereasonsthis articleintroducesa methodologycalledGaia,which has
beenspecificallytailoredto the analysisanddesignof agent-basesystems.

The remainderof this article is structuredasfollows. We begin, in the following sub-
section,by discussinghe characteristicef applicationsfor which we believe Gaiais ap-
propriate. Section2 givesan overview of the main conceptausedin Gaia. Agent-based
analysisis discussedn section3, anddesignin section4. The useof Gaiais illustrated
by meansof a casestudyin section5, wherewe shav how it wasappliedto the designof



2 WOOLDRIDGE, JENNINGS, AND KINNY

areal-world agent-basedystemfor businesrocessnanagement20]. Relatedwork is
discussedh section6, andsomeconclusionsarepresentedn section?.

DomainCharacteristics

Beforeproceedingit is worth commentingon the scopeof ourwork, andin particular on
the characteristicef domaingor which we believe Gaiais appropriatelt is intendedthat
Gaiabeappropriatdor thedevelopmenbf systemsuchasAaDEPT [20] andARCHON [19].
Thesearelarge-scalaeal-world applicationswith thefollowing maincharacteristics:

¢ Agentsarecoarse-grainedomputationasystemseachmakinguseof significantcom-
putationalresourcegthink of eachagentashaving theresourcesf a UNIX process).

e It is assumedhatthe goalis to obtaina systemthat maximisessomeglobal quality
measurebut which may be sub-optimafrom the point of view of the systemcompo-
nents.Gaiais notintendedor systemghatadmitthe possibility of true conflict.

¢ Agentsareheterogeneousn thatdifferentagentsmay be implementedusingdiffer-
entprogramminganguagesarchitecturesandtechniques We malke no assumptions
aboutthedelivery platform.

e The organisationstructureof the systemis static,in thatinteragentrelationshipsio
notchangeatrun-time.

e The abilities of agentsandthe servicesthey provide are static, in that they do not
changeatrun-time.

e The overall systemcontainsa comparatiely small numberof differentagenttypes
(lessthan100).

Gaiadealswith boththe macro(societal)level andthe micro (agent)level aspectof de-
sign. It represent@n advanceover previous agent-orientednethodologiesn thatit is
neutralwith respecto boththetargetdomainandthe agentarchitecturgseesection6 for
amoredetailedcomparison).

2. A Conceptual Framework

Gaiais intendedo allow ananalystto go systematicallfrom a statemenbf requirements
to a designthatis suficiently detailedthatit canbe implementedirectly. Note thatwe
view therequirementsapturephaseasbeingindependentf the paradignusedfor analy-
sisanddesign.In applyingGaia,the analystmovesfrom abstracto increasinglyconcrete
concepts.Eachsuccessie move introducesgreaterimplementatiorbias, andshrinksthe
spaceof possiblesystemshat could be implementedo satisfythe original requirements
statement.(See[21, pp216-222]for a discussiorof implementatiorbias.) Analysisand
designcanbe thoughtof asa procesf developingincreasinglydetailedmodelsof the
systemto be constructedThe mainmodelsusedin Gaiaaresummarisedh Figurel
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Figure 1. RelationshipdbetweerGaias models

Gaiaborrows someterminologyandnotationfrom object-orientednalysisanddesign,
(specifically FusioN [6]). However, it is not simply a naive attemptto apply suchmeth-
odsto agent-orientedievelopment. Rather it providesan agent-specifisetof concepts
throughwhich a softwareengineecanunderstanéindmodela comple system.n partic-
ular, Gaiaencouragea developerto think of building agent-basedystemsasa procesof
organisationaldesign

The main Gaianconceptscan be divided into two cateyories: abstract and concete
abstracandconcreteconceptaresummarisedh Tablel. Abstractentitiesarethoseused
during analysisto conceptualis¢he system but which do not necessarihave ary direct
realisationwithin the system. Concreteentities,in contrast,are usedwithin the design
processandwill typically have directcounterpartén therun-timesystem.

3. Analysis

The objective of the analysisstageis to develop an understandingf the systemandits
structure(without referenceo ary implementatiordetail). In our case this understand-
ing is capturedn the systems$ organisation We view an organisatiorasa collectionof
roles, that standin certainrelationshipso one another andthattake partin systematic,
institutionalisecpatternsof interactionswith otherroles— seeFigure?2.
Themostabstracentity in our conceptierarchyis the systemAlthoughthe term*“sys-
tem” is usedin its standardsense|t also hasa relatedmeaningwhentalking aboutan
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Table 1. Abstractandconcreteconceptsn Gaia

AbstractConcepts ConcreteConcepts
Roles AgentTypes
Permissions Services
Responsibilities Acquaintances
Protocols
Activities
Livenesgproperties
Safetyproperties

agent-basedystem,to mean“society” or “organisation”. Thatis, we think of anagent-
basedsystemasanartificial societyor organisation.

Theideaof a systemasasocietyis usefulwhenthinking aboutthe next level in thecon-
cepthierarchy:roles It mayseemstrangeto think of a computersystemasbeingdefined
by a setof roles,but theideais quite naturalwhenadoptingan organisationaliew of the
world. Considera humanorganisatiorsuchasatypical compaty. The compaly hasroles
suchas“president”,“vice president”,andsoon. Notethatin a concreterealisationof a
compary, theseroleswill beinstantiatedwith actualindividuals:therewill beanindivid-
ualwhotakesontherole of presidentanindividualwhotakesontherole of vice president,
andsoon. However, theinstantiationis not necessarilystatic. Throughouthe compary’s
lifetime, mary individualsmaytake on therole of compaly presidentfor example.Also,
thereis not necessarilya one-to-onemappingbetweerrolesandindividuals. It is notun-
usual(particularlyin smallor informally definedorganisationsjor oneindividual to take
on mary roles. For example,a singleindividual might take on the role of “tea maker”,
“mail fetcher”,andsoon. Corversely theremaybemary individualsthattake onasingle
role,e.g.,“salesman®.

A role is definedby four attributes: responsibilitiespermissionsactivities and proto-
cols Responsibilitiegleterminefunctionality and,assuch,are perhapghe key attribute
associatedvith a role. An exampleresponsibilityassociatedvith the role of compary
presidentmight be calling the shareholdersneetingevery year Responsibilitiesare di-
videdinto two types: livenesspropertiesandsafetyproperties[27]*. Livenesgproperties
intuitively statethat“somethinggoodhappens”.They describehosestatesof affairsthat
anagenimustbringabout,givencertainervironmentakonditions.In contrastsafetyprop-
ertiesareinvariants Intuitively, a safetypropertystateshat“nothing badhappens'i.e.,
thatanacceptablstateof affairsis maintainedacrossll statesof execution).An example
might be“ensurethereactortemperatur@alwaysremainsn therange0-100".

In orderto realiseresponsibilitiesa role hasa setof permissions Permissiongrethe
“rights” associatedvith arole. The permissionf a role thusidentify the resourceghat
areavailableto thatrole in orderto realiseits responsibilitiesIn the kinds of systemthat
we have typically modelled,permissiongendto be informationresouces For example,
a role might have associatedvith it the ability to reada particularitem of information,
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or to modify anotherpieceof information. A role canalso have the ability to geneate
information.

Theactivitiesof arole arecomputation@ssociateavith therole thatmaybecarriedout
by theagentwithoutinteractingwith otheragents Activities arethus“private” actions,n
thesenseof [28].

Finally, aroleis alsoidentifiedwith a numberof protocols which definetheway thatit
caninteractwith otherroles.For example,a“seller” role mighthave the protocols‘Dutch
auction”and“English auction” associateavith it; the ContractNet Protocolis associated
with theroles“manager"and“contractor”[30].

Thus,theorganisatiormodelin Gaiais comprisedf two furthermodels:therolesmodel
(section3.1) andtheinteractionmodel(section3.2).

3.1. TheRolesModel

Therolesmodelidentifiesthe key rolesin the system.Herea role canbe viewed asan
abstracdescriptionof anentity’s expectedfunction. In otherterms,arole is moreor less
identicalto the notion of an office in the sensethat “prime minister”, “attorney general
of the United States”,or “secretaryof statefor Education”areall offices. Suchroles(or

offices)arecharacterisetly two typesof attribute®:

e Thepermissions/rightassociatedvith therole.
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A role will have associatedvith it certainpermissionsrelatingto the type andthe
amountof resourceghat can be exploited when carrying out the role. In our case,
theseaspectarecapturedn anattribute known astherole’s permissions

e Theresponsibilitieof therole.

A roleis createdn orderto do something.Thatis, a role hasa certainfunctionality.
Thisfunctionalityis representetly anattribute known astherole’s responsibilities

Permissions Thepermissionassociateavith arole have two aspects:

¢ they identify theresourceghat canlegitimately be usedto carry out the role — intu-
itively, they saywhatcanbespentwhile carryingouttherole;

o they statetheresourcdimits within whichtherole executormustoperate— intuitively,
they saywhatcan't bespentwhile carryingouttherole.

In general permissioncanrelateto ary kind of resource.In a humanorganisationfor
example,a role might be givena monetarybudget,a certainamountof personeffort, and
soon. However, in Gaia, we think of resourcesas relating only to the information or
knowledg the agenthas. Thatis, in orderto carry out a role, anagentwill typically be
ableto accessertaininformation. Someroles might generatenformation; othersmay
needto accessa piece of information but not modify it, while yet othersmay needto
modify theinformation. We recognisehata richermodelof resourcess requiredfor the
future,althoughfor the momentwe restrictour attentionsimply to information.

Gaiamakes useof a formal notationfor expressingpermissionghatis basedon the
FUSION notationfor operationschematd6, pp26—31].To introduceour conceptswve will
usetheexampleof a CorreeFiLLER role (the purposeof thisroleis to ensurehata coffee
potis keptfull of coffeefor a groupof workers). Thefollowing is a simpleillustration of
thepermissionsassociateavith therole CorreeFILLER:

reads  coffeeStatus // full or empty
changes coffeeStok // stodk level of coffee

This specificatiordefineswo permissiongor CorreEeFILLER: it saysthattheagentcarry-
ing outtherole haspermissiorto accesshevaluecoffeeStatusandhaspermissiorto both
readandmodify thevaluecoffeeStok. Thereis alsoathird type of permissiongenerates,
which indicatesthat the role is the producerof a resource(not shawvn in the example).
Notethatthesepermissiongelateto knowledg thattheagenthas Thatis, coffeeStatuss
arepresentationn the partof theagentof somevaluein therealworld.

Someroles are parameterisedby certainvalues. For example,we can generalisehe
CorreeFILLERrole by parameterising with the coffeemachingthatis to bekeptrefilled.
Thisis specifiedn a permissionglefinitionby thesupplied keyword,asfollows:

reads  supplied coffeeMaler // nameof coffeemaler
coffeeStatus /1 full or empty
changes coffeeStok /I stok level of coffee



ANALYSIS AND DESIGN 7

Table 2. Operatorsfor livenessex-
pressions

Operator Interpretation

Xy x followed by y

x|y X Or y occurs

Xk x occurs0 or moretimes
X+ x occursl or moretimes
x® x occursinfinitely often
X X is optional

x|y x andy interleaved

Responsibilities The functionalityof arole is definedby its responsibilities Thesere-
sponsibilitiescanbedividedinto two categyories:livenessandsafetyresponsibilities.

Livenessesponsibilitiesarethosethat, intuitively, statethat“somethinggoodhappens”.
Livenesgesponsibilitiesare so called becauseahey tendto saythat “somethingwill be
done”,andhencehattheagentcarryingouttheroleis still alive. Livenessesponsibilities
tendto follow certainpatterns For example theguaranteedesponséypeof achiezement
goal hasthe form “a requests always followed by a response”. The infinite repetition
achiezementgoal hasthe form “x will happeninfinitely often”. Note thatthesetypesof
requirementdiave beenwidely studiedin the softwareengineerinditerature,wherethey
have provento benecessarfor capturingpropertiesof reactivesystemg27].

In orderto illustratethe variousconceptsassociatedavith roles,we will continuewith
our runningexampleof the CorreeFILLER role. Examplesof livenesgesponsibilitiedor
the CorreeFILLER role mightbe:

¢ wheneerthecoffeepotis empty fill it up;
¢ wheneerfreshcoffeeis brewed,make suretheworkersknow aboutit.

In Gaia,livenesgpropertiesarespecifiedvia alivenessxpressionwhich defineshe“life-
cycle” of therole. Livenessexpressionsare similar to the life-cycle expressionof Fu-
SION [6], which arein turn essentiallyegularexpressionsOur livenessxpressionhave
an additionaloperatoy “w”, for infinite repetition(seeTable 2 for more details). They
thusresemblaw-regularexpressionswhich areknown to be suitablefor representinghe
propertieof infinite computation$32].

Livenessxpressionglefinethe potentialexecutiontrajectorieshroughthe variousac-
tivitiesandinteractiongi.e., overtheprotocols)associatedvith therole. Thegeneraform
of alivenessxpressioris:

ROLENAME = expression

where RoLENAME is the nameof the role whoselivenesspropertiesare being defined,
andexpressionis the livenessexpressiondefiningthe livenesgpropertiesof RoLENAME.
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The atomic componentf a livenessexpressionare either activities or protocols An
activity is someavhatlike a methodin object-orientederms,or a procedurén a PASCAL-
like language.lt correspondso a unit of actionthatthe agentmay perform,which does
not involve interactionwith any otheragent. Protocols,on the otherhand,are actiities
that do requireinteractionwith otheragents. To give the readersomevisual clues,we
write protocolnamesin a sansseriffont (asin xxx), andusea similar font, underlinedfor
activity namegasin yyy).

Toillustratelivenessxpressionsgonsiderlgaintheabove-mentionedesponsibilitieof
the CoFreeFILLERTOlE;

CorFeEEFILLER = ( Fill. InformWorkers. CheckStock. AwaitEmpty)®

This expressiorsaysthat CorreeFiLLER consistsof executingthe protocol Fil, followed

by theprotocol Informworkers, followedby theactivity CheckStock andtheprotocol AwaitEmpty.

The sequentiabxecutionof theseprotocolsandactiitiesis thenrepeatednfinitely often.

For themomentwe shalltreatthe protocolssimply aslabelsfor interactionsandshallnot

worry abouthow they areactuallydefined(this matterwill bediscussedhn section3.2).
Compl livenessxpressionganbe madeeasierto readby structuringthem. A simple

exampleillustrateshow thisis done:

CoFFEEFILLER = (Al)®
ALL = Fill. InformWorkers. CheckStock. AwaitEmpty

Thesemantic®f suchdefinitionsarestraightforvardtextual substitution.

In mary casesit is insuflicient simply to specifythe livenesgesponsibilitief a role.
Thisis becaus@nagentcarryingoutarole, will berequiredto maintaincertaininvariants
while executing. For example, we might requirethat a particularagenttaking part in
anelectroniccommerceapplicationnever spendsnoremoney thanit hasbeenallocated.
Thesenvariantsarecalledsafetyconditions becausé¢hey usuallyrelateto the absencef
someundesirableonditionarising.

Safetyrequirementsn Gaiaarespecifiedby meansof a list of predicates.Thesepred-
icatesare typically expressedover the variableslisted in a role’s permissionsattribute.
Returningto our CorreeFILLER role, anagentcarryingoutthis role will generallybere-
quiredto ensurethat the coffee stockis never empty We cando this by meansof the
following safetyexpression:

e coffeeStok > 0

By corvention,we simply list safetyexpressionsasa bulletedlist, eachitem in the list
expressingan individual safetyresponsibility It is implicitly assumedhattheserespon-
sibilities apply acrossall statesof the systemexecution. If therole is of infinitely long
duration(asin the CorreeFILLER example) thentheinvariantsmustalwaysbetrue.

It is now possibleto preciselydefinethe Gaiarolesmodel. A rolesmodelis comprised
of asetof role shemataonefor eachrolein thesystem A role schemalravstogetheithe



ANALYSIS AND DESIGN 9

RoleSchema: nameofrole
Description shortEnglishdescriptionof therole
ProtocolsandActivities  protocolsandactivitiesin which therole playsa part
Permissions “rights” associatedvith therole
Responsibilities

Liveness livenesgesponsibilities

Safety safetyresponsibilities

Figure 3. Templatefor Role Schemata

RoleSchema: COFFEEFILLER

Description:

This role involves ensuringthat the coffee pot is keptfilled, andinforming the workerswhenfresh
coffee hasbeenbreved.

ProtocolsandActivities:
Fill, InformWorkers, CheckStock, AwaitEmpty

Permissions:

reads  supplied cofeeMalkr // nameof coffeemaler
cofieeStatus Il full or empty
changes coffeeStok /I stok level of coffee

Responsibilities
Liveness:

Safety:

COFFEEFILLER = ( Fill. InformWorkers. CheckStock. AwaitEmpty)®

o coffeeStok > 0

Figure 4. Schemdor role COFFEEFILLER

variousattributesdiscusse@dboveinto asingleplace(Figure3). An exemplarinstantiation
is givenfor the CorreeFiLLERrOlein Figure4. Thisschemandicateghat CorFFeeFILLER

haspermissiorto readthecoffeeMaler paramete(thatindicateswvhich coffeemachinghe

roleis intendedo keepfilled), andthe coffeeStatugthatindicateswhetherthe machines

full or empty).In addition,therole haspermissiorto changehevaluecoffeeStok.

3.2. ThelnteractionModel

Thereareinevitably dependencieandrelationshipsetweerthe variousrolesin a multi-
agentorganisation.ndeed,suchinterplayis centralto the way in which the systemfunc-
tions. Giventhis fact, interactionsobviously needto be capturedandrepresenteéh the
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Fill

CoffeeFiller | CoffeeMachine

supplied coffeeMaker

Fill coffee machine

coffeeStock

Figure 5. The Fill ProtocolDefinition

analysisphaselIn Gaia,suchlinks betweerrolesarerepresenteth theinteractionmodel
This modelconsistf a setof protocoldefinitions onefor eachtype of inter-role interac-
tion. Herea protocolcanbeviewed asaninstitutionalisedpatternof interaction. Thatis,
a patternof interactionthathasbeenformally definedandabstractedway from ary par
ticular sequencef executionsteps.Viewing interactionsn this way meanghatattention
is focusedon the essentiahatureandpurposeof theinteraction ratherthanonthe precise
orderingof particularmessagexchangegcf. theinteractiondiagramsof OBJECTORY [6,
pp198-203pr thescenario®f FUSION [6]).

This approachmeanghatasingleprotocoldefinitionwill typically giveriseto anumber
of messag@nterchange# theruntime system.For example,consideranEnglishauction
protocol. This involvesmultiple roles (sellersand bidders)and mary potentialpatterns
of interchanggspecificprice announcementand correspondingids). However at the
analysisstage suchprecisenstantiationdetailsareunnecessarnandtoo premature.

A protocoldefinitionconsistof thefollowing attributes:

e purpose brief textual descriptionof the natureof the interaction(e.g., “information

request”,'scheduleactivity” and“assigntask”);

e initiator: therole(s)responsibldor startingtheinteraction;
e respondertherole(s)with whichtheinitiator interacts;
e inputs informationusedby therole initiator while enactingthe protocol;

e outputs informationsuppliedby/to the protocolrespondeduring the courseof the
interaction;

e processing brief textual descriptionof arny processinghe protocolinitiator performs
duringthe courseof theinteraction.

As anillustration, considerthe Fill protocol,which forms part of the CorreeFILLER role
(Figure 5). This statesthat the protocol Fill is initiated by the role CorreeFiLLER and
involvestherole CorFeEeMAcCHINE. The protocolinvolves CorreeFILLER putting coffee
in themachinenamedcoffeeMaler, andresultsin CorreeMAcHINE beinginformedabout
thevalueof coffeeStok. We will seefurtherexamplesof protocolsin section5.
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3.3. TheAnalysisProcess
Theanalysisstageof Gaiacannow be summarised:
1. Identify therolesin the system.Rolesin asystemwill typically correspondo:

¢ individuals,eitherwithin anorganisatioror actingindependently;
e departmentsvithin anorganisationpr

e organisationshemseles.

Output A prototypicalrolesmodel— alist of the key rolesthatoccurin the system,
eachwith aninformal, unelaboratedescription.

2. For eachrole, identify anddocumenthe associategbrotocols Protocolsarethe pat-
ternsof interactionthatoccurin the systembetweerthevariousroles. For example,a
protocolmaycorrespondo anagentin therole of Buyer submittinga bid to another
agentin therole of SELLER.

Output An interactionmodel,which capturesherecurringpatternf inter-role inter-
action.

3. Usingtheprotocolmodelasabasiselaboratgherolesmodel.

Output A fully elaboratedolesmodel,whichdocumentshekey rolesoccurringin the
systemtheirpermissionsindresponsibilitiestogethemwith theprotocolsandactvities
in which they participate.

4. |teratestageg1)—(3).

4. Design

Theaim of a“classical” designprocesss to transformthe abstracmodelsderivedduring
the analysisstageinto modelsat a sufficiently low level of abstractiorthatthey canbe
easilyimplementedThisis notthe casewith agent-orientedesignhowever. Ratherthe
aimin Gaiais to transformthe analysismodelsinto a sufficiently low level of abstraction
thattraditionaldesigntechniquegincludingobject-orientedechniquesimaybeappliedin
orderto implementagents.To putit anothemway, Gaiais concernedvith how a societyof
agentscooperatdo realisethe system-lgel goals,andwhatis requiredof eachindividual
agentin orderto dothis. Actually howanagentrealisests serviceds beyondthe scopeof
Gaia,andwill dependntheparticularapplicationdomain.

The Gaiadesignprocessinvolves generatinghree models(seeFigure 1). The agent
modelidentifiesthe agenttypesthatwill make up the systemandthe agentinstanceghat
will beinstantiatedrom thesetypes. The servicesnodelidentifiesthe main serviceshat
arerequiredto realisethe agents role. Finally, the acquaintancenodeldocumentghe
linesof communicatiorbetweerthedifferentagents.
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Table 3. InstanceQualifiers

Qualifier Meaning

n therewill beexactly ninstances
m..n therewill bebetweerm andn instances
* therewill be0 or moreinstances

therewill bel or moreinstances

4.1. TheAgentModel

The purposeof the Gaiaagentmodelis to documenthe variousagenttypesthatwill be
usedin thesystenunderdevelopmentandtheagentinstanceghatwill realisetheseagent
typesatrun-time.

An agenttypeis bestthoughtof asa setof agentroles. Theremayin factbeaone-to-one
correspondendeetweerroles(asidentifiedin therolesmodel— seesection3.1)andagent
types. However, this neednot be the case. A designercanchooseto packagea number
of closelyrelatedrolesin the sameagenttypefor the purpose®f corvenience Efficiency
will alsobeamajorconcermatthis stage:adesignewill almostcertainlywantto optimise
thedesign,andoneway of doingthisis to aggrejatea numberof agentrolesinto a single
type. An exampleof wheresucha decisionmay be necessarys wherethe “footprint” of
an agent(i.e., its run-timerequirementsn termsof processopower or memoryspace)
is solarge thatit is moreefficient to deliver a numberof rolesin a single agentthanto
deliver a numberof agentseachperforminga singlerole. Thereis obviously a trade-of
betweenthe coheenceof an agenttype (how easilyits functionality canbe understood)
andthe efficiency considerationshat comeinto play when designingagenttypes. The
agentmodelis definedusinga simpleagenttypetree in which leaf nodescorrespondo
roles, (asdefinedin the rolesmodel),and other nodescorrespondo agenttypes. If an
agenttypet; haschildrent, andts, thenthis meanghatt; is composedf therolesthat
malke up t; andts.

We documenthe agentinstanceghatwill appeaiin a systemby annotatingagenttypes
in theagentmodel(cf. the qualifiersfrom FUSION [6]). An annotatiom meanghatthere
will beexactly n agentof thistypein therun-timesystem An annotatiorm..n meanghat
therewill benolessthanm andno morethann instance®f thistypein arun-timesystem
(m < n). An annotations meanghattherewill bezeroor moreinstancestrun-time,and
+ meanghattherewill be oneor moreinstancest run-time(seeTable3).

Note thatinheritanceplaysno partin Gaiaagentmodels. Our view is thatagentsare
coarsegrainedcomputationabystemsandan agentsystemwill typically containonly a
comparatrely smallnumberof rolesandtypes,with oftenaone-to-onenappingbetween
them.For thisreasonyve believe thatinheritancehasno usefulpartto playin thedesignof
agenttypes. (Of coursewhenit comesto actuallyimplementingagentsjnheritancemay
beusedto greateffect,in the normalobject-orientedashion.)
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4.2. TheServicedModel

As its namesuggeststhe aim of the Gaiaservicesmodelis to identify the servicesas-
sociatedwith eachagentrole, andto specifythe main propertiesof theseservices.By a
service,we meana functionof the agent. In OO terms,a servicewould correspondo a
method;however, we do not meanthatservicesareavailablefor otheragentsn the same
way thatanobjects methodsareavailablefor anothebjectto invoke. Ratheraserviceis
simplyasingle,coherenblockof actity in whichanagentwill engagelt shouldbeclear
thereeveryactiity identifiedat theanalysisstagewill correspondo aservice thoughnot
every servicewill correspondo anactiity.

For eachservicethat may be performedby an agent,it is necessaryo documentits
properties. Specifically we mustidentify the inputs outputs pre-conditions and post-
conditionsof eachservice. Inputsandoutputsto serviceswill be derivedin an obvious
way from the protocolsmodel. Pre-andpost-conditiongsepresentonstrainton services.
Thesearederived from the safetypropertiesof arole. Note thatby definition, eachrole
will beassociateavith atleastoneservice.

The servicesthat an agentwill perform are derived from the list of protocols,activ-
ities, responsibilitiesand the livenesspropertiesof a role. For example, returning to
the coffee example,therearefour actiities and protocolsassociatedvith this role: Fill,

InformWorkers, CheckStock, and AwaitEmpty. In generaltherewill be atleastoneservice
associateavith eachprotocol. In the caseof CheckStock, for example,the service(which
may have the samename) will take asinputthe stocklevel andsomethresholdvalue,and
will simply comparethetwo. The pre-andpost-conditionsvill both statethatthe coffee
stocklevelis greatetthanO. Thisis oneof thesafetypropertiesf therole CoFFeEFILLER.

The Gaiaservicesmodeldoesnot prescribeanimplementatiorfor the servicest doc-
uments. The developeris free to realisethe servicesin ary implementatiorframeavork
deemedappropriate. For example,it may be decidedto implementservicesdirectly as
methodsn anobject-orientedanguage Alternatively, a servicemay be decomposethto
anumberof methods.

4.3. TheAcquaintancéModel

Thefinal Gaiadesignmodelis probablythe simplest:the acquaintancenodel Acquain-
tancemodelssimply definethe communicatiorinks thatexist betweeragenttypes.They
do not definewhat messagearesentor whenmessageare sent— they simply indicate
thatcommunicatiorpathwaysexist. In particular the purposeof an acquaintancenodel
is to identify any potentialcommunicatiorbottleneckswhich may causeproblemsatrun-
time (seesection5 for anexample). It is goodpracticeto ensurethatsystemsareloosely
coupled,andthe acquaintancenodelcanhelpin doingthis. On the basisof the acquain-
tancemodel,it maybefoundnecessaryo revisit theanalysisstageandrework the system
designto remove suchproblems.

An agentacquaintancenodelis simply a graph,with nodesin the graphcorresponding
to agenttypesandarcsin the graphcorrespondingo communicatiorpathways. Agent
acquaintancenodelsaredirectedgraphs,andsoanarca — b indicatesthat a will send
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message® b, but not necessarilyhatb will sendmessageto a. An acquaintancenodel
maybederivedin a straightforvardway from theroles,protocols,andagentmodels.

4.4. TheDesignProcess

The Gaiadesignstagecannow be summarised:
1. Createanagentmodel

e aggreaterolesinto agenttypes andrefineto form anagenttypehierarchy;
¢ documentheinstance®f eachagenttype usinginstanceannotations.

2. Developaserviceanodel,by examiningactuities, protocols,andsafetyandliveness
propertiesof roles.

3. Developanacquaintancenodelfrom theinteractionmodelandagentmodel.

5. A Case Study: Agent-Based Business Process M anagement

Thissectionbriefly illustrateshow Gaiacanbeapplied throughacasestudyof theanalysis
and designof an agent-basedystemfor managinga British Telecombusinessprocess
(see[20] for moredetails). For reason®f brevity, we omit somedetails,andaiminstead
to give ageneraflavour of theanalysisanddesign.

The particularapplicationis providing customerswith a quotefor installinga network
to deliver a particulartype of telecommunicationservice. This actwity involvesthe fol-
lowing departmentsthe customerservicedivision (CSD), the designdivision (DD), the
legal division (LD) andthe variousorganisationsvho provide the out-sourcederviceof
vettingcustomes (VCs). Theprocesss initiatedby a customercontactinghe CSDwith a
setof requirementsin parallelto capturingthe requirementsthe CSD getsthe customer
vetted.If thecustomefailsthevettingprocedurethe quoteprocesgerminatesAssuming
thecustomeis satishctory theirrequirementaremappedagainsthe serviceportfolio. If
they canbe metby a standardff-the-shelfitem thenanimmediatequotecanbe offered.
In thecaseof bespole serviceshowever, the processs morecomplec. DD startsto design
a solutionto satisfythe customers requirementandwhilst this is occurringLD checks
thelegality of the proposedservice.If the desiredserviceis illegal, the quoteprocesder-
minates.Assumingtherequestederviceis legal, thedesignwill eventuallybe completed
andcosted.DD theninforms CSD of the quote.CSD, in turn, informsthe customer The
businesgprocesghenterminates.

Moving from this process-orientedescriptionof the systems operationto an organi-
sationalview is comparatiely straightforvard. In mary caseghereis a oneto onemap-
ping betweendepartmentsandroles. CSD’s behaiour falls into two distinctroles: one
actingasaninterfaceto the customer CusToMERHANDLER, Figure6), andoneoversee-
ing the processnsidethe organisation QUOTEMANAGER, Figure7). Thus,the VC’s, the
LD’s, and the DD’s behaiour are coveredby the roles CustoMERVETTER (Figure 8),

LEGALADVISOR (Figure9), and NETWORKDESIGNER (Figure 10) respectiely. The final
roleis thatof the CustomEeRr (Figurell)whorequireshequote.
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RoleSchema: CUSTOMERHANDLER (CH)

Description:
Recevesquoterequesfrom thecustomerandoverseeprocesso ensureappropriateuoteis returned.

ProtocolsandActivities:
AwaitCall, ProduceQuote, InformCustomer

Permissions:
reads supplied customerDetails /I customercontactinformation
supplied customerRequeéments // whatcustomemwants
quote /I completedjuoteor nil

Responsibilities
Liveness:
CUSTOMERHANDLER = ( AwaitCall. GenerateQuote)®
GENERATEQUOTE = ( ProduceQuote. InformCustomer)

Safety:
o true

Figure 6. Schemdor role CUSTOMERHANDLER

With the respectie role definitionsin place,the next stageis to definethe associated
interactionmodelsfor theseroles. Herewe focuson the interactionsassociatedvith the
QuoTEMANAGERToOle. Thisroleinteractawith the CustomEeR roleto obtainthecustomers
requirementg GetCustomerRequirements protocol,Figurel2c)andwith the CUSTOMERVETTER
role to determinewhetherthe customeiis satishctory( VetCustomer protocol,Figure12a).
If the customermprovesunsatiséctory thesearethe only two protocolsthat are enacted.
If the customeiis satishctorythentheir requesis costed.This costinginvolvesenacting
actiity CostStandardService for frequentlyrequestedervicesor the CheckServiceLegality
(Figurel2b)and CostBespokeService (Figurel2d)protocolsfor non-standardequests.

Having completedour analysisof the application,we now turn to the designphase.
The first modelto be generateds the agentmodel (Figure 13). This shows, for most
casesa one-to-onecorrespondencbetweernrolesandagenttypes. The exceptionis for
the CustoMERHANDLER and QUOTEMANAGER roleswhich, becausef their high degree
of interdependencaregroupednto asingleagenttype.

The secondmodelis the servicesmodel. Again becausef spacdimitations we con-
centrateon the QUOTEMANAGER role andthe CustomerServiceDivision Agent. Based
onthe QUOTEMANAGER role, sevendistinctservicescanbe identified(Table3). Fromthe
GetCustomerRequirements protocol,we derive the service“obtain customerequirements”.
This servicehandlegheinteractionfrom the perspectie of thequotemanagerlt takesthe
customerDetailss input and returnsthe customerRequementsas output (Figure 12c).
Thereareno associategre-or post-conditions.

The serviceassociatedvith the VetCustomer protocolis “vet customer”. Its inputs,de-
rivedfrom the protocoldefinition (Figurel12a),arethe customerDetailgndits outputsare
creditRating This servicehasa pre-conditiorthatanappropriatecustomenettermustbe
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RoleSchema: QUOTEMANAGER (QM)

Description:
Responsibldor enactingthe quoteprocessGeneratea quoteor returnsno quote(nil) if customeiis

inappropriateor serviceis illegal.

ProtocolsandActivities:
VetCustomer, GetcustomerRequirements, CostStandardService, CheckServicelLegality,

CostBespokeService
Permissions:
reads supplied customerDetails /I customercontactinformation
supplied customerRequéments // detailedservicerequirements
creditRating /I customers creditrating
servicelsLgal // booleanfor bespok requests
generates quote /I completedjuoteor nil

Responsibilities
Liveness:
QUOTEMANAGER = QuoteResponse
QUOTERESPONSE = ( VetCustomer || GetcustomerRequirements) |
( VetCustomer || GetcustomerRequirements).
CostService
COSTSERVICE = CostStandardService |
( CheckServiceLegality || CostBespokeService)

Safety:
¢ creditRating= bad=- quote= nil

¢ servicelsLgal = false=- quote= nil

Figure 7. Schemdor role QUOTEMANAGER

available (derivedfrom the TenderContract interactionon the VvetCustomer protocol)anda
postconditionthatthevalueof creditRatingis non-null(becaus¢his formspartof asafety
conditionof the QUOTEMANAGER role).

Thethird servicenvolvescheckingwhethetthecustomeis satishctory(thecreditRating
safetyconditionof QUOTEMANAGER). If the customelis unsatiséctorythenonly thefirst
branchof the QuoteRespose livenessondition(Figure7) getsexecutedIf thecustomeis
satishctory the CostService livenessouteis executed.

The next servicemakesthe decisionof which pathof the CostService livenessxpres-
sion getsexecuted.Eitherthe serviceis of a standardype (executethe service“produce
standardcosting”) or it is a bespole servicein which casethe CheckServiceLegality and

CostBespokeService protocolsare enacted.In the latter case the protocolsare associated
with the service“producebespole costing”. This serviceproducesa non-nil value for
guoteaslong asthe servicelsLgal safetycondition(Figure7) is notviolated.

Thefinal serviceinvolvesinforming the customeiof the quote. This, in turn, completes
the CuSTOMERHANDLER role.
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RoleSchema: CUSTOMERVETTER (CV)

Description:
Checkscreditrating of suppliedcustomer

ProtocolsandActivities:
VettingRequest, VettingResponse

Permissions:
reads supplied customerDetails // customeicontactinformation
customerRatingInformation// credit rating information
generates creditRating /I creditrating of customer

Responsibilities
Liveness:
CUSTOMERVETTER = ( VettingRequest. VettingResponse)

Safety:
o infoAvailablg customerDetailxustomerRatinglnformation

Figure 8. Schemdor role CUSTOMERV ETTER

RoleSchema: LEGALADVISOR (LA)

Description:
Determinesvhethergivenbespolk servicerequests legal or not.

ProtocolsandActivities:
LegalCheckRequest, LegalCheckResponse

Permissions:
reads supplied customerRequements // detailsof proposedservice
generates servicelsLgal I true or false

Responsibilities
Liveness:
LEGALADVISOR = ( LegalCheckRequest. LegalCheckResponse)

Safety:
o true

Figure 9. Schemdor role LEGALADVISOR

The final modelis the acquaintancenodel, which shavs the communicatiorpathwaysthat exist
betweeragentqFigurel14).
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RoleSchema: NETWORKDESIGNER (ND)

Description:
Designandcostnetwork to meetbespole servicerequestequirements.

ProtocolsandActivities:
CostingRequest, ProduceDesign, ReturnCosting

Permissions:
reads supplied customerRequements // detailsof proposedservice
servicelsLgal // boolean
generates quote /I costof realisingservice

Responsibilities
Liveness:
NETWORKDESIGNER = ( CostingRequest. ProduceDesign. ReturnCosting)

Safety:
e servicelsLgal = true

Figure 10. Schemdor role NETWORKDESIGNER

RoleSchema: CUSTOMER (CUST)

Description:
Organisatioror individual requiringa servicequote.

ProtocolsandActivities:
MakeCall, GiveRequirements

Permissions:
generates customerDetails /I Ownerof customeinformation
customerRequements // Ownerof customerequirements

Responsibilities
Liveness:
CUSTOMER = ( MakeCall. GiveRequirements)+

Safety:
o true

Figure 11. Schemdor role CUSTOMER

6. Related Work

In recentimestherehasbeena suigeof interestn agent-orientedhodellingtechniquesndmethod-
ologies.Thevariousapproachemayberoughlygroupedasfollows:
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(©)

(a)

TenderContract

QM ‘ cv

select which CV to
award contract to

i

VettingRequest

QM‘CV

ask for vetting of
customer

i

VettingResponse

CV‘QM

perform vetting and
return credit rating

RequirementsRequest

oM | cust

details of customer’s
requirements

i

GiveRequirements

cusT \ QM

provide service

details

vettingRequirements

customerDetails

customerDetails
customerRatingInfo

creditRating

customerDetails

customerRequirements

(b)

LegalCheckRequest

QM ‘ LA

ask for check of
service’s legality

l

LegalCheckResponse

A | om D

check service legality

(d)

CostingRequest

oM | D

ask for costing

|

ReturnCosting

ND ‘ CH, QM

design network and
cost solution

customerRequirements

customerRequirements

servicelsLegal

customerRequirements

customerRequirements

quote

Figure 12.

Definition of protocols associatedwith the QUOTEMANAGER role: (a) VetCustomer,

(b) CheckServicelLegality, (c) GetCustomerRequirements, and(d) CostBespokeService.

CustomerAgent ~ CustomerServiceDivisionAgent
VAR

Customer  Customerandler  QuoteManager

VetCustomerAgent  NetworkDesignerAgent  LegalAdvisorAgent
? 3.0 ? L0 ? LS

CustomerVetter — NetworkDesiqner LegalAdvisor

Figure 13. Theagentmodel

e thosesuchas[4, 24] which take existing OO modellingtechniquesor methodologiesstheir
basis seekingeitherto extendandadaptthe modelsanddefinea methodologyfor their use,or
todirectly extendtheapplicabilityof OO methodologieandtechniquessuchasdesignpatterns,
to thedesignof agentsystems,
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CustomerAgent

CustomerServiceDivisionAgent

VetCustomerAgent NetworkDesignAgent <= LegalAdvisorAgent

Figure 14. Theacquaintancenodel

e thosesuchas[3, 17] whichbuild uponandextendmethodologieandmodellingtechnique$rom
knowledgeengineeringproviding formal, compositionamodellinglanguagesuitablefor the
verificationof systemstructureandfunction,

e thosewhich take existing formal methodsandlanguagesfor examplez [31], andprovide def-
initions within sucha framework that supportthe specificatiorof agentsor agentsystemg26],
and

e thosewhich have essentiallybeendevelopedde novo for particularkinds of agentsystems.
CASSIOPEIA [7], for example,supportsthe designof ContractNet[29] basedsystemsandhas
beenappliedto RobotSoccer

Thesedesignmethodologiesnayalsobedividedinto thosethatareessentiallyop-davn approaches
basedon progressie decompositiorof behaiour, usually building (asin Gaia) on somenotion
of role, andthosesuchas CASSIOPEIA thatare bottom-upapproachesvhich begin by identifying
elementaryagentbehaiours. A very usefulsuney which classifiesand reviews theseand other
methodologietiasalsoappeared16].

The definition anduseof variousnotionsof role, responsibility interaction,teamandsocietyor
organizationin particularmethodsfor agent-orientecnalysisand designhasinheritedor adapted
muchfrom moregeneralusesof theseconceptswvithin multi-agentsystemsincludingorganization-
focussedapproachesuchas[14, 9, 18] andsociologicalapproachesuchas[5]. However, it is
beyond the scopeof this article to comparethe Gaiadefinition anduseof theseconceptawith this
heritage.

Insteadwe will focushereontherelationshigbetweerGaiaandotherapproachebasedhatbuild
upon OO techniquesin particularthe kgr approach24, 23]. But it is perhapsusefulto begin by
summarizingvhy OO modellingtechniquesand designmethodologieshemselesarenot directly
applicableto multi-agentsystemdesign.

6.1. Shortcoming®f ObjectOrientedtechniques

Thefirst problemconcernghe modellingof individual agentsor agentclassesWhile therearesu-
perficial similaritiesbetweenagentsandobjects representingin agentasan object,i.e., asa setof
attributesandmethods,s not very usefulbecausehe representatiofs too fine-grained pperating
ataninappropriatdevel of abstraction.An agentsorepresentedhay appeaiquite strange perhaps
exhibiting only onepublic methodwhosefunctionis to receve messagesom otheragentsThusan
objectmodeldoesnot capturemuchusefulinformationaboutan agent,and powerful OO concepts
suchasinheritanceandaggreationbecomequite uselesssa resultof the poverty of therepresen-
tation.

Thereare several reasondor this problem. Oneis that the agentparadigmis basedon a sig-
nificantly strongernotion of encapsulatiorthanthe objectparadigm. An agents internal stateis
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usuallyquite opaqueand,in somesystemsthe behaioursthatanagentwill performuponrequest
arenotevenmadeknown until it adwertisesthemwithin anactive system.Relatecdto this is the key
characteristiof autonomy:agentscannotnormally be createdanddestrgedin the liberal manner
allowed within objectsystemsandthey have morefreedomto determinehow they may respondo
messagesncluding,for example, by choosingo negotiatesomeagreemenabouthow ataskwill be
performed.As the underlyingcommunicatiormodelis usuallyasynchronouthereis no predefined
notionof flow of controlfrom oneagentto another:anagentmay autonomouslynitiate internalor
externalbehaiour at ary time, notjust whenit is senta messageFinally, anagents internalstate,
includingits knowvledge, mayneedto berepresenteth amanneithatcannoteasilybetranslatednto
asetof attributes;in ary caseto do sowould constitutea prematurémplementatiorbias.

The secondoroblemconcernghe power of objectmodelsto adequatelycapturethe relationships
thathold betweeragentsn amulti-agentsystem While thesecondarynodelsin commonusein OO
methodologiesuchasusecasesandinteractiondiagramamay usefully be adaptedwith somevhat
differentsemantics)the ObjectModel, which constituteshe primaryspecificatiorof anOO system,
capturesassociationdetweenobject classeshat model largely static dependencieand pathsof
accessibilitywhich arelargely irrelevantin a multi-agentsystem.Only theinstantiatiorrelationship
betweenclassesandinstancesanbe directly adopted.Importantaspectf relationshipsetween
agentssuchas their repertoireof interactionsand their degree of control or influenceupon each
otherarenot easilycaptured.The essentiaproblemhereis the uniformity andstaticnatureof the
OO objectmodel. An adequateagentmodelneedsto capturetheserelationshipshetweenagents,
their dynamicnature,andperhapsalsorelationshipsetweeragentsandnon-agentlementsf the
systemjncludingpassve or abstracbnessuchasthosemodelledhereasresources.

Both of theseare problemsconcerninghe suitability of OO modellingtechniquegor modelling
a multi-agentsystem. Anotherissueis the applicability of OO methodologiego the processof
analyzingand designinga multi-agentsystem. OO methodologiesypically consistof an iterative
refinementycle of identifying classesspecifyingtheir semanticandrelationshipsandelaborating
their interfacesandimplementation.At this level of abstractionthey appearsimilar to typical AO
methodologieswhich usuallyproceedby identifying rolesandtheir responsibilitiesandgoals,de-
velopingan organizationaktructure andelaboratinghe knowledgeandbehaiours associatedvith
aroleor agent.

However, this similarity disappearatthelevel of detailrequiredby themodels asthekey abstrac-
tionsinvolved are quite different. For example,thefirst stepof objectclassidentificationtypically
considerstangiblethings, roles, organizations eventsand even interactionsas candidateobjects,
whereagheseneedto be clearlydistinguishedandtreateddifferentlyin anagent-oriente@pproach.
Theuniformity andconcretenessf the objectmodelis the basisof the problem; 00 methodologies
provide guidanceor inspirationratherthana directly usefulapproacto analysisanddesign.

6.2. Comparisorwith theKGR approac

The KGR approach[24, 23] was developedto fulfill the needfor a principled approachto the
specificationof complex multi-agentsystemsbasedon the belief-desire-intentio{BDI) technol-
ogy of the ProceduraReasoningystem(PRs) andthe DistributedMulti-Agent Reasonindsystem
(DMARS) [25, 8]. A key motivation of the work wasto provided useful, familiar mechanismsor
structuringandmanaginghe compleity of suchsystems.

The first and most olvious differencebetweenthe approachproposechereand KGR is one of
scope.Our methodologydoesnot attemptto unify the analysisandabstractesignof a multi-agent
systemwith its concretedesignandimplementatiorwith a particularagentechnologyregardingthe
outputof theanalysisanddesignprocessisanabstracspecificatiorto which traditionallower-level
designmethodologiesnay be applied. KGR, by contrastmakesa strongarchitecturacommitment
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to BDI architecturesindproposes designelaboratiorandrefinemenprocesghatleadsto directly
executableagentspecifications.Given the proliferation of available agenttechnologiesthereare
clearly advantagedo a moregeneralapproachasproposechere. However, the downsideis thatit
cannotprovide a setof models abstractiongindterminologythatmaybe useduniformly throughout
the systemlife cycle. Furthermoretheremay be a needfor iterationof the AO analysisanddesign
processf thelowerlevel designprocesgevealsissueshatarebestresohedatthe AO level. A re-
searcltproblemfor ourapproackandotherdikeit is whetherandhow theadequag andcompleteness
of its outputscanbe assesseithdependentlypf ary traditionaldesignprocesghatfollows.

A secondlifferenceis thatin this work a cleardistinctionis madebetweerthe analysisphasejn
which the rolesandinteractionmodelsarefully elaboratedandthe designphasejn which agent,
servicesandacquaintancenodelsaredeveloped. The KGR approactdoesnot make sucha distinc-
tion, proposinginsteadthe progressie elaborationandrefinemenif agentandinteractionmodels
which capturerespecirely roles, agentsand services,and interactionsand acquaintancesWhile
both methodologiedegin with the identificationof rolesandtheir propertiesherewe have chosen
to modelseparatelyabstractagentgroles),concreteagentsandthe serviceghey provide. KGR, on
theotherhand,emplg/s amoreuniformagentmodelwhich admitshothabstracagentsaandconcrete
agentclassesandinstancesandallows themto be organizedwithin an inheritancehierarchy thus
allowing multiple levels of abstractiorandthe defermenbf identificationof concreteagentclasses
until latein thedesignprocess.

While bothapproachesmploy responsibilitiesasan abstractiorusedto decompose¢he structure
of arole, they differ significantlyasto how thesearerepresentednddeveloped.Hereresponsibilities
consistof safetyandlivenesgpropertieshuilt up from alreadyidentifiedinteractionsandactvities.
By contrast,KGR treatsresponsibilitiesas abstractgoals,triggeredby eventsor interactions.and
adoptsastrictly top-davn approachio decomposingheseinto servicesaandlow level goalsfor which
actvity specificationsnay be elaboratedTherearesimilaritieshowever, for despitethe absencef
explicit goalsin our approachsafetypropertiesmay be viewed asmaintenancgoalsandliveness
propertiesas goalsof achiezement. The notion of permissionshowever, is absentfrom the KGR
approachwhereaghe notion of protocolsmay be developedto a muchgreaterdegreeof detail, for
exampleasin [22]. Thereprotocolsare emplo/ed as more genericdescriptionsof behaiour that
mayinvolve entitiesnot modelledasagentssuchasthe coffee machine.

To summarizehekey differencestheKGR approachby makingacommitmento implementation
with aBDI agentarchitectureis ableto emplgy aniterative top-davn approacho elaboratinga setof
modelshatdescribeamulti-agensystematboththemacro-andmicro-level, to make moreextensve
useof OO modellingtechniquesandto produceexecutablespecificationsasits final output. The
approachwe have describechereis a mixed top-davn and bottom-upapproachwhich emplo/s a
morefine-grainedanddiversesetof genericmodelsto capturethe resultof the analysisanddesign
process,andtries to avoid ary prematurecommitment,either architectural,or asto the detailed
designandimplementatiorprocesswhichwill follow. We envisage howvever, thatour approactcan
besuitablyspecializedor specificagentarchitecturesrimplementatioriechniquesthisis asubject
for furtherresearch.

7. Conclusionsand Further Work

In this article, we have describedGaia, a methodologyfor the analysisand designof agent-based
systems. The key conceptsin Gaia are roles, which have associatedvith them responsibilities,
permissionsactiities, andprotocols.Rolescaninteractwith oneanotheiin certaininstitutionalised
ways,which aredefinedin the protocolsof therespectie roles.

Thereareseveralissuegemainingfor futurework.
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Self-InteestedAgents

Gaiadoesnot explicitly attemptto dealwith systemsn which agentsmay not sharecommon
goals. This classof systemgepresentamguablythe mostimportantapplicationareafor multi-
agentsystemsandit is thereforeessentiathata methodologyshouldbe ableto dealwith it.

Dynamicandopensystems

Opensystems— in which systemcomponentsnay join andleave at run-time,andwhich may
be composedf entitiesthata designethadno knovledgeof at design-time— have long been
recognisedsadifficult classof systemto engineef15, 13].

Organisationstructues

Anotheraspecbf agent-basednalysisanddesignthatrequiresmorework is the notion of an
organisationastructure At the moment suchstructuresareonly implicitly definedwithin Gaia
— within the role and interactionmodels. However, direct, explicit representationsf such
structurewill beof valuefor mary applicationsFor example,if agentsareusedto modellarge
organisationsthentheseorganisationswill have an explicitly definedstructure. Representing
suchstructuresnay be the only way of adequatelycapturingand understandinghe organisa-
tion’s communicatiorandcontrol structures.More generally the developmentof organisation
designpatternsmight be usefulfor reusingsuccessfumulti-agentsystemstructuregcf. [12]).

Coopeantion Protocols

Therepresentationf interagentcooperatiorprotocolswithin Gaiais currentlysomevhatim-
poverished.In futurework, we will needto provide a muchricherprotocolspecificatiorframe-
work.

InternationalStandads

Gaiawasnot designedvith ary particularstandardor agentcommunicatiorin mind (suchas
the FIPA agentcommunicatiorlanguagg11]). However, in the event of widescaleindustrial
takeupof suchstandardsit may prove usefulto adaptour methodologyto be compatiblewith
suchstandards.

Formal Semantics

Finally, we believe thata successfumethodologyis onethatis not only of pragmaticvalue,but
onethatalsohasa well-defined,unambiguougormal semantics.While the typical developer
neednever evenbeawareof theexistenceof sucha semanticsit is neverthelesgssentiato have
apreciseunderstandingf whatthe conceptaindtermsin a methodologymean[33].
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Notes

1.

In Greekmythology Gaiawasthe motherEarthfigure. More pertinently Gaiais the nameof aninfluential
hypothesiputforwardby theecologistlamed ovelock,to theeffectthatall theliving organismontheEarth
canbe understoodascomponent®f a singleentity; which regulatesthe Earths environment. The themeof
mary heterogeneousntitiesactingtogethetto achieve asinglegoalis a centralthemein multi-agentsystems
researcljl], andwasakey consideratiorn thethe developmentof our methodology

To be more precise,we believe suchsystemswill requireadditionalmodelsover and above thosethatwe
outlinein the currentversionof themethodology
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3. The third case,which we have not yet elaboratedn the methodologyis that a single role representshe
collectve behaiour of a numberof individuals. This view is importantfor modellingcooperatie andteam
problemsolving and alsofor bridging the gap betweenthe micro andthe macrolevels in an agent-based
system.

4. Themostwidely usedformalismfor specifyinglivenessaandsafetypropertiess temporallogic, andin pre-
viouswork, the useof suchformalismhasbeenstronglyadwcatedfor usein agentsystemg10]. Although
it hasundoubtedstrengthsasa mathematicalool for expressindivenessaandsafetypropertiesthereis some
doubtaboutits viability asatool for useby everydaysoftwareengineersWe have thereforechoseranalter
native approacho temporalogic, basednregularexpressionsasthesearelikely to be betterunderstoody
ourtamgetaudience.

For the moment,we do not explicitly modelthe creationand deletionof roles. Thusrolesare persistent

throughouthe systems lifetime. In thefuture,we planto male thisamoredynamicprocess
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