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Thispaperpresentsamethodologyfor agent-orientedanalysisand
design. The methodologyis general,in that it is applicableto
a wide rangeof multi-agentsystems,andcomprehensive, in that
it dealswith both the macro-level (societal)and the micro-level
(agent)aspectsof systems. The methodologyis foundedon the
view of asystemasacomputationalorganisationconsistingof var-
iousinteractingroles.Weillustratethemethodologythroughacase
study(anagent-basedbusinessprocessmanagementsystem).
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Progressin softwareengineeringover thepasttwo decadeshaspri-
marily beenmadethroughthedevelopmentof increasinglypower-
ful andnaturalabstractionswith which to modelanddevelopcom-
plex systems.Proceduralabstraction,abstractdatatypes,and,most
recently, objects,areall examplesof suchabstractions.It is our
belief that agentsrepresenta similar advancein abstraction:they
maybeusedby softwaredevelopersto morenaturallyunderstand,
model,anddevelopanimportantclassof complex distributedsys-
tems.

If agentsare to realisetheir potentialasa softwareengineer-
ing paradigm,thenit is necessaryto developsoftwareengineering
techniquesthatarespecificallytailoredto them.Existingsoftware
developmenttechniques(for example,object-orientedanalysisand
design[1, 5]) will simplybeunsuitablefor thistask.Thereis afun-
damentalmismatchbetweenthe conceptsusedby object-oriented
developers(and indeed,by other mainstreamsoftware engineer-
ing paradigms)andtheagent-orientedview [20, 22]. In particular,
extantapproachesfail to adequatelycaptureanagent’sflexible,au-
tonomousproblem-solvingbehaviour, therichnessof anagent’s in-
teractions,andthecomplexity of anagentsystem’s organisational
structures.For thesereasons,this paperoutlinesa methodology
that hasbeenspecifically tailored to the analysisand designof
agent-basedsystems.

Theremainderof thispaperis structuredasfollows. Webegin,
in the following sub-section,by discussingthe characteristicsof
applicationsfor whichwebelieveour analysisanddesignmethod-
ology is appropriate.Section2 givesanoverview of themaincon-
ceptsusedby themethodology. Agent-basedanalysisis discussed

in section3, anddesignin section4. Themethodologyis demon-
stratedby meansof a casestudyin section5, wherewe show how
it wasappliedto thedesignof a real-world agent-basedsystemfor
businessprocessmanagement[13]. Relatedwork is discussedin
section6, andsomeconclusionsarepresentedin section7.
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Before proceeding,it is worth commentingon the scopeof our
work, andin particular, onthecharacteristicsof domainsfor which
we believe themethodologyis appropriate.It is intendedthat the
methodologybe appropriatefor the developmentof systemssuch
asADEPT [13] andARCHON [12]. Thesearelarge-scalereal-world
applications,with thefollowing maincharacteristics:

+ Agentsarecoarse-grainedcomputationalsystems,eachmak-
ing useof significantcomputationalresources(think of each
agentashaving theresourcesof a UNIX process.)

+ It is assumedthat the goal is to obtaina systemthat max-
imisessomeglobalquality measure,but which maybesub-
optimal from the point of view of the systemcomponents.
Our methodologyis not intendedfor systemsthatadmit the
possibilityof trueconflict.

+ Agentsareheterogeneous,in thatdifferentagentsmaybeim-
plementedusingdifferentprogramminglanguagesandtech-
niques. We make no assumptionsaboutthe delivery plat-
form.

+ The overall systemcontainsa comparatively small number
of agents(lessthan100).

The methodologywe proposeis comprehensive, in that it deals
with both the macro(societal)level and the micro (agent)level
aspectsof design. It representsan advanceover previous agent-
orientedmethodologiesin thatit is neutralwith respectto boththe
targetdomainandtheagentarchitecture(seesection6 for a more
detailedcomparison).
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Our methodologyis intendedto allow an analystto go systemat-
ically from a statementof requirementsto a designthat is suffi-
ciently detailedthat it canbe implementeddirectly. In applying
the methodology, the analystmovesfrom abstractto increasingly
concreteconcepts.Eachsuccessivemoveintroducesgreaterimple-
mentationbias,andshrinksthespaceof possiblesystemsthatcould
beimplementedto satisfytheoriginal requirementsstatement.
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Figure1: AnalysisConcepts

Themethodologyborrowssometerminologyandnotationfrom
object-orientedanalysisanddesign,(specifically, FUSION [5]). How-
ever, it is not simply a naive attemptto apply suchmethodsto
agent-orienteddevelopment.Rather, our methodologyprovidesan
agent-specificsetof conceptsthroughwhich a softwareengineer
can understandand model a complex system. In particular, the
methodologyencouragesa developerto think of building agent-
basedsystemsasaprocessof organisationaldesign.

Themainconceptscanbedividedinto two categories:abstract
andconcrete. Abstractentitiesare thoseusedduring analysisto
conceptualisethe system,but which do not necessarilyhave any
direct realisationwithin thesystem.Concreteentities,in contrast,
areusedwithin the designprocess,andwill typically have direct
counterpartsin therun-timesystem.

Themostabstractentity in our concepthierarchyis thesystem
— seeFigure1. Although the term “system” is usedin its stan-
dard sense,it also hasa relatedmeaningwhen talking aboutan
agent-basedsystem,to mean“society” or “organisation”.That is,
we think of anagent-basedsystemasanartificial societyor organ-
isation.

Theideaof asystemasasocietyis usefulwhenthinkingabout
thenext level in theconcepthierarchy:roles. It mayseemstrange
to think of acomputersystemasbeingdefinedby asetof roles,but
theideaisquitenaturalwhenadoptinganorganisationalview of the
world. Considera humanorganisationsuchasa typical company.
The company hasrolessuchas“president”,“vice president”,and
soon. Notethatin aconcreterealisationof acompany, theseroles
will be instantiatedwith actualindividuals: therewill be an indi-
vidual who takeson therole of president,an individual who takes
on theroleof vice president,andsoon. However, theinstantiation
is notnecessarilystatic.Throughoutthecompany’s lifetime, many
individualsmay take on the role of company president,for exam-
ple. Also, thereis not necessarilya one-to-onemappingbetween
rolesandindividuals. It is not unusual(particularlyin smallor in-
formally definedorganisations)for oneindividual to take on many
roles. For example,a single individual might take on the role of
“tea maker”, “mail fetcher”,andsoon. Conversely, theremaybe
many individualsthattakeonasinglerole,e.g.,“salesman”.

A role is definedby threeattributes: responsibilities, permis-
sions, andprotocols. Responsibilitiesdeterminefunctionalityand,
assuch,areperhapsthekey attributeassociatedwith arole. An ex-
ampleresponsibilityassociatedwith theroleof company president
might be calling the shareholdersmeetingevery year. Responsi-
bilities aredivided into two types: livenesspropertiesandsafety
properties[18]. Livenesspropertiesintuitively statethat “some-
thing goodhappens”.They describethosestatesof affairs thatan
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Figure2: Relationshipsbetweenthemethodology’s models

agentmustbringabout,givencertainenvironmentalconditions.In
contrast,safetypropertiesareinvariants.Intuitively, a safetyprop-
ertystatesthat“nothingbadhappens”(i.e., thatanacceptablestate
of affairs is maintainedacrossall statesof execution). An exam-
plemightbe“ensurethereactortemperaturealwaysremainsin the
range0-100”.

In orderto realiseresponsibilities,a role is usuallyassociated
with a setof permissions. Permissionsarethe “rights” associated
with a role. The permissionsof a role thusidentify the resources
thatareavailableto thatrole in orderto realiseits responsibilities.
In thekindsof systemthatwehavetypicallymodelled,permissions
tendto be informationresources. For example,a role might have
associatedwith it the ability to reada particularitem of informa-
tion, or to modify anotherpieceof information. A role canalso
have theability to generate information.

Finally, a role is also identified with a numberof protocols,
which definetheway that it caninteractwith otherroles. For ex-
ample,a“seller” rolemighthavetheprotocols“Dutchauction”and
“Englishauction”associatedwith it.

In summary, analysisanddesigncanbethoughtof asaprocess
of developingincreasinglydetailedmodelsof thesystemto becon-
structed.Themainmodelsusedin ourapproacharesummarisedin
Figure2, andelaboratedin sections3 and4.
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Theobjective of theanalysisstageis to developanunderstanding
of thesystemandits structure(without referenceto any implemen-
tation detail). In our case,this understandingis capturedin the
system’s organisation. In moredetail,we view anorganisationas
a collectionof roles,that standin certainrelationshipsto onean-
other, andthat take part in systematic,institutionalisedpatternsof
interactionswith otherroles.To defineanorganisation,it therefore
sufficesto definetherolesin theorganisation,how theserolesre-
late to oneanother, andhow a role can interactwith other roles.
Theaim of theanalysisstageis, therefore,to modelthesystemas
a multi-agentorganisationin preciselythis way. Thus,theorgani-
sationmodelis comprisedof two furthermodels:the rolesmodel
(section3.1)andthe interactionmodel(section3.2).
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Therolesmodelidentifiesthekey rolesin thesystem.Herea role
can be viewed as an abstractdescriptionof an entity’s expected
function.In otherterms,aroleis moreor lessidenticalto thenotion
of an office in the sensethat “prime minister”, “attorney general



of theUnitedStates”,or “secretaryof statefor Education”areall
offices.A Suchroles(or offices)arecharacterisedby two typesof
attribute:

+ Thepermissions/rightsassociatedwith therole.

A rolewill haveassociatedwith it certainpermissions,relat-
ing to the typeandthe amountof resourcesthat canbe ex-
ploitedwhencarryingout therole. In ourcase,theseaspects
arecapturedin anattributeknown astherole’s permissions.

+ Theresponsibilitiesof therole.

A role is createdin orderto dosomething.Thatis, a rolehas
a certainfunctionality. This functionality is representedby
anattributeknown astherole’s responsibilities.

BC)'
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Thepermissionsassociatedwith a rolehave two aspects:

+ they identify the resourcesthat can legitimately be usedto
carryout the role — intuitively, they saywhatcanbespent
while carryingout therole;

+ they statethe resourcelimits within which the role execu-
tor mustoperate— intuitively, they saywhatcan’t bespent
while carryingout therole.

In general,permissionscanrelateto any kind of resource.In ahu-
manorganisation,for example,a role might be given a monetary
budget,a certainamountof personeffort, andsoon. However, in
our methodology, we think of resourcesasrelatingonly to the in-
formationor knowledge theagenthas.Thatis, in orderto carryout
a role,anagentwill typically beableto accesscertaininformation.
Somerolesmightgenerateinformation;othersmayneedto access
apieceof informationbut notmodify it, while yetothersmayneed
to modify the information. We recognisethat a richer model of
resourcesis requiredfor the future,althoughfor the moment,we
restrictour attentionsimply to information.

We usea formal notation for expressingpermissionsthat is
basedontheFUSION notationfor operationschemata[5, pp26–31].
We illustratethisnotationbelow.
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The functionalityof a role is definedby its responsibilities. These
responsibilitiescan be divided into two categories: livenessand
safetyresponsibilities.

Livenessresponsibilitiesare thosethat, intuitively, statethat
“somethinggoodhappens”.Livenessresponsibilitiesaresocalled
becausethey tendto saythat“somethingwill bedone”,andhence
thattheagentcarryingout therole is still alive. Livenessresponsi-
bilities tendto follow certainpatterns.Forexample,theguaranteed
responsetypeof achievementgoalhastheform“a requestis always
followedby a response”.The infinite repetitionachievementgoal
hastheform “x will happeninfinitely often”. Notethatthesetypes
of requirementshavebeenwidely studiedin thesoftwareengineer-
ing literature,wherethey haveprovento benecessaryfor capturing
propertiesof reactivesystems[18].

In orderto illustratethevariousconceptsassociatedwith roles,
we will usea simplerunningexampleof a “coffee filler” role —
thepurposeof this role is to ensurethata coffeepot is kept full of
coffeefor agroupof workers.Examplesof livenessresponsibilities
for a CoffeeFiller rolemightbe:

+ whenever thecoffeeis empty, fill it up;

+ wheneverfreshcoffeeisbrewed,makesuretheworkersknow
aboutit.

xH y x followedby y x I y x or y occurs
x� x occurs0 or moretimes xJ x occurs1 or moretimes
xω x occursinfinitely often K xL x is optional
x M y x andy interleaved

Table1: Operatorsfor livenessexpressions

In ourmodel,anagent’s livenesspropertiesarespecifiedvia a live-
nessexpression, whichdefinesthe“life-cycle” of therole. Liveness
expressionsaresimilar to the life-cycleexpressionof FUSION [5],
which are in turn essentiallyregular expressions. Our liveness
propertieshave an additionaloperator, “ω”, for infinite repetition
(seeTable1 for moredetails). They thusresembleω-regular ex-
pressions,whichareknown to besuitablefor representingtheprop-
ertiesof infinite computations[20].

Livenessexpressionsdefinethepotentialexecutiontrajectories
throughthe variousactivities and interactions(i.e., over the pro-
tocols) associatedwith the role. The generalform of a liveness
expressionis:

RoleName N expression

whereRoleName is thenameof the role whoselivenessproperties
arebeingdefined,andexpressionis thelivenessexpressiondefining
the livenesspropertiesof RoleName. Theatomiccomponentsof a
livenessexpressionareprotocols— wedefineprotocolsbelow.

To illustrate livenessexpressions,consideragain the above-
mentionedresponsibilitiesof theCoffeeFiller role:

CoffeeFiller N O Fill P InformWorkers P CheckStock P AwaitEmpty Q ω
This expressionsaysthatCoffeeFiller consistsof executingthepro-
tocol Fill, followed by the protocol InformWorkers, followed by the
protocolsCheckStock andAwaitEmpty. Thesefour protocolsarethen
repeatedinfinitely often. For the moment,we shall treatthe pro-
tocolssimply aslabelsfor interactionsandshall not worry about
how they are actually defined(this matterwill be returnedto in
section3.2).

Complex livenessexpressionscanbe madeeasierto readby
structuringthem.A simpleexampleillustrateshow this is done:

CoffeeFiller N O All Q ω
All N Fill P InformWorkers P CheckStock P AwaitEmpty

In many cases,it is insufficient simply to specifythe liveness
responsibilitiesof a role. This is becausean agent,carryingout
a role, will be requiredto maintaincertaininvariantswhile exe-
cuting. For example,we might requirethata particularagenttak-
ing part in anelectroniccommerceapplicationnever spendsmore
money thanit hasbeenallocated.Theseinvariantsarecalledsafety
conditions,becausethey usuallyrelateto theabsenceof someun-
desirableconditionarising.

Safetyrequirementsin ourmethodologyarespecifiedby means
of alist of predicates.Thesepredicatesaretypicallyexpressedover
the variableslisted in a role’s permissionsattribute. Returningto
ourCoffeeFiller role,anagentcarryingout thisrolewill generallybe
requiredto ensurethat thecoffeestockis never empty. We cando
thisby meansof thefollowing safetyexpression:

+ coffeeStock R 0

By convention,we simply list safetyexpressionsasa bulletedlist,
eachitem in the list expressinganindividual safetyresponsibility.
It is implicitly assumedthat theseresponsibilitiesapplyacrossall
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OLE SCHEMA : nameof role
Description shortEnglishdescriptionof therole
Protocols protocolsin which theroleplaysa part
Permissions “rights” associatedwith therole
Responsibilities

Liveness livenessresponsibilities
Safety safetyresponsibilities

Figure3: Templatefor RoleSchemata

statesof thesystemexecution.If therole is of infinitely longdura-
tion (asin theCoffeeFiller example),thentheinvariantsmustalways
betrue.

It is now possibleto preciselydefinethe rolesmodel. A roles
modelis comprisedof a setof role schemata, onefor eachrole in
the system. A role schemadraws togetherthe variousattributes
discussedabove into a singleplace(Figure3). An exemplarin-
stantiationis givenfor theCoffeeFiller role in Figure4. Thisschema
indicatesthatCoffeeFiller haspermissionto readthecoffeeMakerpa-
rameter(thatindicateswhichcoffeemachinetherole is intendedto
keepfilled), andthe coffeeStatus(that indicateswhetherthe ma-
chine is full or empty). In addition, the role haspermissionto
changethevaluecoffeeStock.
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Thereare inevitably dependenciesand relationshipsbetweenthe
variousrolesin a multi-agentorganisation.Indeed,suchinterplay
is centralto the way in which the systemfunctions. Given this
fact,interactionsobviously needto becapturedandrepresentedin
theanalysisphase.In ourcase,suchlinks betweenrolesarerepre-
sentedin theinteractionmodel. Thismodelconsistsof asetof pro-
tocol definitions, onefor eachtypeof inter-role interaction.Herea
protocolcanbeviewedasaninstitutionalisedpatternof interaction.
That is, a patternof interactionthathasbeenformally definedand
abstractedaway from any particularsequenceof executionsteps.
Viewing interactionsin thiswaymeansthatattentionis focusedon
the essentialnatureandpurposeof the interaction,ratherthanon
thepreciseorderingof particularmessageexchanges(cf. theinter-
actiondiagramsof OBJECTORY [5, pp198–203]or thescenariosof
FUSION [5]).

Our approachmeansthata singleprotocoldefinitionwill typi-
cally give riseto anumberof messageinterchangesin therun time
system.For example,consideran Englishauctionprotocol. This
involvesmultipleroles(sellersandbidders)andmany potentialpat-
ternsof interchange(specificpriceannouncementsandcorrespond-
ing bids). However at theanalysisstage,suchpreciseinstantiation
detailsareunnecessary, andtoopremature.

In moredetail,protocoldefinitionsconsistof thefollowing set
of attributes:

+ purpose: brief descriptionof the natureof the interaction
(e.g. “information request”,“scheduleactivity” and“assign
task”);

+ initiator: therole(s)responsiblefor startingtheinteraction;

+ responder: therole(s)with which theinitiator interacts;

+ inputs: informationusedby therole initiator while enacting
theprotocol;

+ outputs: informationsuppliedby/to the protocol responder
duringthecourseof theinteraction;

CoffeeFiller

Fill

CoffeeMachine

Fill coffee machine

supplied coffeeMaker

coffeeStock

Figure5: TheFill ProtocolDefinition

+ processing: brief descriptionof any processingtheprotocol
initiator performsduringthecourseof theinteraction;

By meansof anillustration,considertheFill protocol,which forms
part of the CoffeeFiller role (Figure 5). This statesthat the pro-
tocol Fill is initiated by the role CoffeeFiller and involves the role
CoffeeMachine. The protocol involves CoffeeFiller putting coffee in
the machinenamedcoffeeMaker, andresultsin CoffeeMachine be-
ing informedaboutthe valueof coffeeStock.We will seefurther
examplesof protocolsin section5.
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Theanalysisstageof themethodologycannow besummarised:

1. Identify therolesin thesystem.

Output: A prototypicalrolesmodel— a list of thekey roles
thatoccurin thesystem,eachwith aninformal,unelaborated
description.

2. For eachrole, identify anddocumentthe associatedproto-
cols. Protocolsare the patternsof interactionthat occur in
thesystembetweenthevariousroles.

Output: An interactionmodel,which capturesthe recurring
patternsof inter-role interaction.

3. Usingtheprotocolmodelasabasis,elaboratetherolesmodel.

Output: A fully elaboratedroles model, which documents
thekey rolesoccurringin thesystem,their permissionsand
responsibilities,andtheprotocolsin which they take part.

4. Iteratestages(1)–(3).
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The aim of a “classical” designprocessis to transformthe ab-
stractmodelsderived during the analysisstageinto modelsat a
sufficiently low level of abstractionthat they canbe easilyimple-
mented.This is not thecasewith agent-orienteddesign,however.
Rather, our aim is to transformthe analysismodelsinto a suffi-
ciently low level of abstractionthat traditionaldesigntechniques
(including object-orientedtechniques)may be applied. To put it
anotherway, theagent-orientedanalysisanddesignprocessis con-
cernedwith how asocietyof agentscooperateto realisethesystem-
level goals,andwhat is requiredof eachindividual agentin order
to do this. Actually how an agentrealisesits servicesis beyond
the scopeof the methodology, andwill dependon the particular
applicationdomain.

Thedesignprocessinvolvesgeneratingthreemodels(seeFig-
ure2). Theagentmodelidentifiestheagenttypesthatwill makeup
the system,andthe agent instancesthat will be instantiatedfrom
thesetypes. The servicesmodelidentifiesthe main servicesthat
will beassociatedwith eachagenttype. Finally, theacquaintance
modeldocumentstheacquaintancesfor eachagenttype.



ROLE SCHEMA : CoffeeFiller
DESCRIPTION:

This role involvesensuringthatcoffeeis keptfilled, andinforming theworkerswhenfreshcoffeehasbeenbrewed.
PROTOCOLS:

Fill, InformWorkers, CheckStock, AwaitEmpty
PERMISSIONS:

reads supplied coffeeMaker // nameof coffeemaker
coffeeStatus // full or empty

changes coffeeStock // stock level of coffee
RESPONSIBILITIES

L IVENESS:
CoffeeFiller \^] Fill _ InformWorkers _CheckStock _ AwaitEmpty ` ω

SAFETY: a
coffeeStock R 0

Figure4: Schemafor role CoffeeFiller
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The purposeof the agentmodelis to documentthe variousagent
typesthat will be usedin the systemunderdevelopment,andthe
agent instancesthatwill realisetheseagenttypesat run-time.

An agenttypeis bestthoughtof asa setof agentroles. There
mayin factbeaone-to-onecorrespondencebetweenroles(asiden-
tified in therolesmodel— seesection3.1)andagenttypes.How-
ever, this neednot be thecase.A designercanchooseto package
a numberof closely relatedroles in the sameagenttype for the
purposesof convenience.Efficiency will alsobe a majorconcern
at this stage:a designerwill almostcertainlywantto optimisethe
design,andonewayof doingthis is to aggregateanumberof agent
rolesinto a singletype.An exampleof wheresuchadecisionmay
benecessaryis wherethe“footprint” of anagent(i.e., its run-time
requirementsin termsof processorpower or memoryspace)is so
largethatit is moreefficient to deliveranumberof rolesin asingle
agentthanto deliver a numberof agentseachperforminga single
role. Thereis obviously a trade-off betweenthe coherenceof an
agenttype(how easilyits functionalitycanbeunderstood)andthe
efficiency considerationsthatcomeinto playwhendesigningagent
types. Theagentmodelis definedusinga simpleagent typetree,
in which root nodescorrespondto roles, (as definedin the roles
model),andothernodescorrespondto agenttypes.If anagenttype
t1 haschildrent2 andt3, thenthismeansthatt1 is composedof the
rolesthatmake up t2 andt3.

We documentthe agentinstancesthat will appearin a system
by annotatingagenttypesin theagentmodel(cf. thequalifiersfrom
FUSION [5]). An annotationn meansthat therewill be exactly
n agentsof this type in the run-timesystem.An annotationmP�P n
meansthattherewill benolessthanmandnomorethann instances
of this typein a run-timesystem(m f n). An annotationg means
thattherewill bezeroor moreinstancesat run-time,and h means
thattherewill beoneor moreinstancesat run-time.

Note that inheritanceplaysno part in our agentmodels. Our
view is thatagentsarecoarsegrainedcomputationalsystems,and
anagentsystemwill typically containonly asmallnumberof roles
and types,with often a one-to-onemappingbetweenthem. For
this reason,we believe that inheritancehasno usefulpart to play
in thedesignof agenttypes.(However, whenit comesto actually
implementingagents,inheritancemay be usedin the normalOO
fashion.)
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As its namesuggests,theaim of the servicesmodelis to identify
theservicesassociatedwith eachagentrole,andto specifythemain
propertiesof theseservices.By a service,we meana functionof

theagent. In OO terms,a servicewould correspondto a method;
however, wedonotmeanthatservicesareavailablefor otheragents
in thesameway thatanobject’s methodsareavailablefor another
objectto invoke. Rather, aserviceis simplyasingle,coherentblock
of activity thatanagentwill engagein.

For eachservicethatmaybeperformedby anagent,it is nec-
essaryto documentits properties.Specifically, we must identify
theinputs, outputs, pre-conditions, andpost-conditionsof eachser-
vice. Inputsandoutputsto serviceswill bederived in anobvious
way from theprotocolsmodel. Pre-andpost-conditionsrepresent
constraintson services.Thesearederived from thesafetyproper-
tiesof a role. Notethatby definition,eachrole will beassociated
with at leastoneservice.

The servicesthat an agentwill performarederived from the
list of protocolsandresponsibilitiesassociatedwith a role, andin
particular, from the livenessdefinitionof a role. For example,re-
turning to the coffee example,therearefour protocolsassociated
with this role: Fill, InformWorkers, CheckStock, andAwaitEmpty. There
will be at leastoneserviceassociatedwith eachprotocol. In the
caseof CheckStock, the service(which may have the samename),
will takeasinputthestocklevel andsomethresholdvalue,andwill
simply comparethe two. The pre- andpost-conditionswill both
statethatthecoffeestocklevel is greaterthan0 – this conditionis
oneof thesafetyconditionsof theCoffeeFiller.

The servicesmodeldoesnot prescribean implementationfor
theservicesit documents.Thedeveloperis freeto realisetheser-
vicesin any implementationframework deemedappropriate.For
example,it maybedecidedto implementservicesdirectlyasmeth-
odsin anobject-orientedlanguage.Alternatively, aservicemaybe
decomposedinto anumberof methods.
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Thefinal designmodelis probablythesimplest:theacquaintance
model. Acquaintancemodelssimply define the communication
links thatexist betweenagenttypes.They donot definewhatmes-
sagesaresentor whenmessagesaresent— they simply indicate
that communicationpathwaysexist. In particular, the purposeof
anacquaintancemodelis to identify any potentialcommunication
bottlenecks,which maycauseproblemsat run-time(seesection5
for an example). It is generallyregardedasgoodpracticeto en-
surethatsystemsarelooselycoupled,andtheacquaintancemodel
canhelp in doing this. On thebasisof theacquaintancemodel,it
maybefoundnecessaryto revisit theanalysisstageandrework the
systemdesignto removesuchproblems.

An agentacquaintancemodel is simply a graph,with nodes
in the graphcorrespondingto agenttypesand arcs in the graph



correspondingto communicationpathways. Agent acquaintance
modelsA aredirectedgraphs,andsoanarca n b indicatesthata will
sendmessagesto b, but not necessarilythatb will sendmessages
to a. An acquaintancemodelmaybe derived in a straightforward
way from theroles,protocols,andagentmodels.
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Thedesignstageof themethodologycannow besummarised:

1. Createanagentmodel:
+ aggregaterolesinto agent types, andrefineto form an

agenttypehierarchy;+ documentthe instancesof eachagenttype using in-
stanceannotations.

2. Developaservicesmodel,by examiningprotocolsandsafety
andlivenesspropertiesof roles.

3. Developanacquaintancemodelfrom the interactionmodel
andagentmodel.
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Thissectionbriefly illustrateshow themethodologycanbeapplied,
througha casestudyof theanalysisanddesignof anagent-based
systemfor managinga British Telecombusinessprocess(see[13]
for moredetails).For reasonsof brevity, weomit somedetails,and
aim insteadto give ageneralflavourof theanalysisanddesign.

Theparticularapplicationis providing customerswith a quote
for installinga network to deliver a particulartypeof telecommu-
nicationsservice.Thisactivity involvesthefollowing departments:
thecustomerservicedivision(CSD),thedesigndivision(DD), the
legal division (LD) andthevariousorganisationswho provide the
out-sourcedserviceof vettingcustomers (VCs). Theprocessis ini-
tiatedby acustomercontactingtheCSDwith asetof requirements.
In parallel to capturingthe requirements,the CSD getsthe cus-
tomervetted.If thecustomerfails thevettingprocedure,thequote
processterminates.Assumingthecustomeris satisfactory, their re-
quirementsaremappedagainstthe serviceportfolio. If they can
be met by a standardoff-the-shelfitem thenan immediatequote
canbeoffered. In thecaseof bespoke services,however, thepro-
cessis morecomplex. DD startsto designa solutionto satisfythe
customer’s requirementsandwhilst this is occurringLD checksthe
legality of theproposedservice.If thedesiredserviceis illegal,the
quoteprocessterminates.Assumingtherequestedserviceis legal,
the designwill eventuallybe completedandcosted.DD thenin-
formsCSDof thequote.CSD,in turn, informsthecustomer. The
businessprocessthenterminates.

Moving from thisbehaviouraldescriptionof thesystem’soper-
ationto anorganisationalview is comparatively straightforward. In
many casesthereis aoneto onemappingbetweendepartmentsand
roles. Thus,theVC’s, theLD’s, andtheDD’s behaviour arecov-
eredby the roles CustomerVetter, LegalAdvisor, andNetworkDesigner
respectively. CSD’s behaviour falls into two distinct roles: one
actingasan interfaceto the customer(CustomerHandler), andone
overseeingtheprocessinsidetheorganisation(QuoteManager). The
final role is thatof the Customer who requiresthequote. Figure6
definesthe role QuoteManager — we omit otherrole definitionsin
the interestsof brevity. Thedefinitionof the VetCustomer protocol
is givenin Figure7.

Turningto thedesignstage,anagentmodelfor thisapplication
is givenin Figure8. As thisfigureillustrates,theimplementedsys-
temcontainsfive agenttypes,with two roles(CustomerHandler and
QuoteManager) beingaggregatedinto agenttypeCustomerService-
DivisionAgent.Theacquaintancemodelfor thisdomainis defined
in Figure9. (Weomit theservicesmodelin theinterestsof brevity.)

TenderContract

QM

select which CV to  

award contract to
vettingRequirements

VettingRequest

QM CV

customer

ask for vetting of

customerDetails

VettingResponse

CV QM

perform vetting and  

return credit rating

customerDetails

customerRatingInfo

creditRating

CV

Figure 7: Definition of Protocol VetCustomer between Roles
QuoteManager (QM) andCustomerVetter (CV)

CustomerAgent

Customer CustomerHandler QuoteManager

CustomerServiceDivisionAgent
1

CustomerVetter
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3..10

NetworkDesignerAgent

NetworkDesigner

1..10
LegalAdvisorAgent

LegalAdvisor

1..5+

Figure8: AgentModel for BusinessProcessManagement
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As a result of the developmentand applicationof robust agent
technologies,therehasbeena surge of interestin agent-oriented
methodologiesandmodellingtechniquesin thelastfew years.Many
approaches,suchas[3, 16] takeexistingOOmodellingtechniques
or methodologiesastheir basis,seekingeitherto extendandadapt
themodelsanddefineamethodologyfor theiruse,or to directlyex-
tendtheapplicabilityof OOmethodologiesandtechniques,suchas
designpatterns,to thedesignof agentsystems.Otherapproaches
build upon and extend methodologiesand modelling techniques
from softwareandknowledgeengineering,or provideformal,com-
positionalmodellinglanguages[2] suitablefor the verificationof
systemstructureand function. A valuablesurvey can be found
in [10].

Theseapproachesusuallydo not attemptto unify the analysis
anddesignof a MAS with its designandimplementationwithin a
particularagenttechnology. They eitherregardthe outputof the
analysisanddesignprocessasan abstractspecificationto which
traditional lower-level designmethodologiesmay be applied(as
proposedin thispaper),or elsethey allow somearchitecturalcom-
mitmentto be madeduring analysisor design,but fall shortof a
full elaborationof thedesignwithin thechosenframework. Of the
approachesmentionedabove, only the AOM approachof [16, 15]
makesa strongcommitmentto a particularagentarchitectureand
proposesa designelaborationandrefinementprocessthat leadsto
directly executableagentspecifications.Giventheproliferationof
availableagenttechnologies,thereareclearlyadvantagesto amore



ROLE SCHEMA : QuoteManager (QM)
DESCRIPTION:

Responsiblefor enactingthequoteprocess.Generatesaquoteor returnsnil if customerinappropriateor serviceis illegal
PROTOCOLS:

VetCustomer, GetCustomerRequirements, CostStandardService, CheckServiceLegality, CostBespokeService
PERMISSIONS:

reads supplied customerDetails // customercontactinformation
customerRequirements // detailedservicerequirements
creditRating // customer’s credit rating
serviceIsLegal // booleanfor bespoke requests

generates quote // completedquoteor nil
RESPONSIBIL ITIES

L IVENESS:
QuoteManager \ QuoteResponse

QuoteResponse \^] VetCustomer y GetCustomerRequirements `&z*] VetCustomer y GetCustomerRequirements̀{_CostService
CostService \ CostStandardService z*] CheckServiceLegality y CostBespokeService `

SAFETY: a
bad| creditRating}U~ Quote� nila
serviceIsLegal � false ~ Quote� nil

Figure6: Schemafor role QuoteManager

CustomerServiceDivisionAgent

CustomerAgent

NetworkDesignAgent LegalAdvisorAgentVetCustomerAgent

Figure9: AcquaintanceModel for BusinessProcessManagement

generalapproach,asproposedhere.However, a disadvantagemay
beaneedfor iterationof theentireprocessif thelower-level design
processreveal issuesthat are bestresolved at the agent-oriented
level.

Despitethisdifferencein scope,therearemany similaritiesbe-
tweenthe AOM approachandthatproposedhere.Theformerwas
developedto fulfill theneedfor aprincipledapproachto thespeci-
ficationof complex multi-agentsystemsbasedonthebelief-desire-
intention (BDI) technologyof the ProceduralReasoningSystem
(PRS) andtheDistributedMulti-AgentReasoningSystem(DMARS)
[17, 6].

TheAOM methodologytakesasitsstartingpointobject-oriented
modellingtechniques,asexemplifiedby [19, 1], andadaptsandex-
tendsthemwith agentconcepts.Themethodologyitself is aimed
at theconstructionof asetof modelswhich,whenfully elaborated,
definean agentsystemspecification.The main separationin the
modelsdevelopedis betweentheexternalandinternalmodels.The
externalmodelspresentasystem-level view: themaincomponents
visible in thesemodelsareagentsthemselves,andthey areprimar-
ily concernedwith agentrelationshipsandinteractions,including
inheritanceandaggregationrelationshipsthatallow abstractionof
agentstructure.In contrast,the internalmodelswhich areassoci-
atedwith eachdistinctagentclassareentirelyconcernedwith the
internalsof agents:theirbeliefs,goals,andplans.

Therearetwo primaryexternalmodels;theagentmodel, which
describesagentclassesand instances,and the interaction model,
whichcapturescommunicationsandcontrolrelationshipsbetween
agents. The agentmodel is further divided into an agent class
modelandanagent instancemodel. Thesetwo modelsdefinethe
agentclassesandinstancesthatcanappear, andrelatetheseto one
anothervia inheritance,aggregation, and instantiationrelations.

Agent classesdefinevariousattributespossessedby agents,and
amongsttheseare attributesdefining the agent’s setsof beliefs,
goals,andplans.Theanalystis ableto definehow theseattributes
areoverriddenduringinheritance.For example,it is assumedthat
by default, inheritedplanshave lower priority thanthosein sub-
classes.Theanalystmaytailor thesepropertiesasdesired.

Theinternalmodels,whichrepresentthebeliefs,goalsandplans
of particularagentclasses,aredirectextensionsof OOobjectmod-
els (beliefs,goals)anddynamicmodels(plans). Thus,for exam-
ple, an objectmodel is usedto describethe objectsaboutwhich
anagentwill have beliefs,andthepropertiesof thosebeliefs,such
aswhetherthey have open-or closed-world semantics.Dynamic
models,extendedwith notionsof failureandvariousotherattributes,
areusedto directly representan agent’s plans. Thesemodelsare
thusquitespecificto theBDI architectureemployedin DMARS. By
contrast,the externalmodelsareapplicableto any BDI agentar-
chitecture. The methodologyis aimedat elaboratingthe models
describedabove.

A particularfeatureof themethodologyis its emphasison the
useof abstract agent classesas the meansto grouprolesduring
analysisandmodelrefinement,which permitsdecisionsaboutthe
boundariesof concreteagentsto bedeferredto a latestageof the
designprocess.

Notethattheanalysisprocesswill beiterative,asin traditional
methodologies.Theoutcomewill bea modelthatcomprisesspec-
ifications in the form requiredby the DMARS agentarchitecture.
As a result, the move from end-designto implementationusing
DMARS is relatively simple.

It canbeseenthattherearemany similaritiesbetweentheAOM
externalmodelsandthemodelsproposedin this paper. However,
the notion of responsibilityusedin the AOM modelsis quite in-
formal: safetyandlivenessrequirementsarenot madeexplicit at
an abstractlevel, andthey lack the notion of permissionsusedto
captureresourceusage,which is insteadcapturedimplicitly by the
beliefstructureof individualagents.By contrast,theprotocolsthat
definethepermittedinteractionsbetweenagentsmaybedeveloped
to agreaterdegreeof detailwithin theAOM approach,for example
as in [14], whereashereprotocolsareemployed asmoregeneric
descriptionsof behaviour thatmayinvolveentitiesnotmodelledas
agents,suchasthecoffeemachine.Anothersignificantdifference
is the usein AOM of inheritancebetweenagentclasseswhich is
notpermittedby themethodologyproposedhere,asit is of limited



valuewithoutaspecificarchitecturalcommitment.
The
�

definitionanduseof variousnotionsof role,responsibility,
interaction,teamandsocietyor organizationin particularmethods
for agent-orientedanalysisanddesignhasalsoinheritedor adapted
muchfrom moregeneralusesof theseconceptswithin multi-agent
systems,includingorganization-focussedapproachessuchas[9, 7,
11] andsociologicalapproachessuchas[4]. However, it is beyond
thescopeof this paperto compareour definitionanduseof these
conceptswith thisheritage.
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In thispaper, wehavedescribedamethodologywehavedeveloped
for theanalysisanddesignof agent-basedsystems.Thekey con-
ceptsin this methodologyare roles, which have associatedwith
themresponsibilities,permissions,andprotocols.Rolescaninter-
act with one anotherin certaininstitutionalisedways, which are
definedin theprotocolsof therespective roles.

Therearemany issuesremainingfor futurework. Perhapsmost
importantly, our methodologydoesnot attemptto dealwith truly
opensystems,in which agentsmaynot sharecommongoals.This
classof systemsrepresentsarguably the most importantapplica-
tion areafor multi-agentsystems,andit is thereforeessentialthat
our methodologyshouldbeableto dealwith it. Anotheraspectof
agent-basedanalysisanddesignthatrequiresmorework is theno-
tion of anorganisationalstructure.At themoment,suchstructures
areonly implicitly definedwithin our methodology— within the
role andinteractionmodels. However, direct,explicit representa-
tionsof suchstructureswill beof valuefor someapplications.For
example,if agentsareusedto modellargeorganisations,thenthese
organisationswill have anexplicitly definedstructure.Represent-
ing suchstructuresmay be the only way of adequatelycapturing
and understandingthe organisation’s communicationand control
structures.Moregenerally, thedevelopmentof organisationdesign
patternsmight beusefulfor reusingsuccessfulmulti-agentsystem
structures(cf. [8]). Finally, we believe thata successfulmethodol-
ogy is onethatis notonly of pragmaticvalue,but onethatalsohas
a well-defined,unambiguousformal semantics.While the typical
developerneednever evenbeawareof theexistenceof sucha se-
mantics,it is neverthelessessentialto haveapreciseunderstanding
of whattheconceptsandtermsin amethodologymean[21].
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