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Abstract

This paperpresentsa methodologyfor agent-oriente@nalysisand
design. The methodologyis general,in that it is applicableto
a wide rangeof multi-agentsystemsand comprehense, in that
it dealswith both the macro-leel (societal)and the micro-level
(agent)aspectof systems. The methodologyis foundedon the
view of a systemasa computationabrganisatiorconsistingof var
iousinteractingroles. Weillustratethemethodologythroughacase
study(anagent-basebusinesprocessnanagemergystem).

1 Introduction

Progressn softwareengineeringver the pasttwo decade$fiaspri-
marily beenmadethroughthe developmentof increasinglypover-
ful andnaturalabstractionsvith whichto modelanddevelopcom-
plex systemsProcedurahbstractionabstractiatatypes,and,most
recently objects,are all examplesof suchabstractions.It is our
belief thatagentsrepresent similar advancein abstraction:they
may be usedby softwaredevelopersto morenaturallyunderstand,
model,anddevelop animportantclassof comple distributedsys-
tems.

If agentsareto realisetheir potentialas a software engineer
ing paradigmthenit is necessaryo develop softwareengineering
techniqueshatarespecificallytailoredto them. Existing software
developmentechniquegfor example,object-orientednalysisand
design[1, 5]) will simplybeunsuitabldor thistask.Thereis afun-
damentaimismatchbetweerthe conceptaisedby object-oriented
developers(andindeed,by other mainstreamrsoftware engineer
ing paradigmspandthe agent-orientediew [20, 22]. In particular
extantapproachefail to adequatelgaptureanagentsflexible, au-
tonomougproblem-solvingpehaiour, therichnesof anagentsin-
teractionsandthe compleity of anagentsystems organisational
structures. For thesereasonsthis paperoutlinesa methodology
that has beenspecifically tailored to the analysisand designof
agent-basedystems.

Theremaindeof this paperis structurecasfollows. We begin,
in the following sub-sectionpy discussingthe characteristicof
applicationgfor which we believe our analysisanddesignmethod-
ology is appropriate Section2 givesanoverviev of themaincon-
ceptsusedby the methodology Agent-basednalysisis discussed
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in section3, anddesignin section4. The methodologyis demon-
stratedby meansof a casestudyin section5, wherewe shav howv

it wasappliedto the designof areal-world agent-basedystenfor

businessprocessmanagemenil3]. Relatedwork is discussedn

section6, andsomeconclusionsarepresentedh section?.

Domain Characteristics

Before proceeding,it is worth commentingon the scopeof our
work, andin particular onthecharacteristicef domainsfor which
we believe the methodologyis appropriate.lt is intendedthat the
methodologybe appropriatefor the developmentof systemssuch
asADEPT [13] andARCHON [12]. Thesearelarge-scaleeal-world
applicationswith thefollowing maincharacteristics:

e Agentsarecoarse-grainedomputationasystemseachmak-
ing useof significantcomputationatesourcegthink of each
agentashaving theresource®f a UNIX process.)

e It is assumedhatthe goal is to obtaina systemthat max-
imisessomeglobal quality measurebut which may be sub-
optimal from the point of view of the systemcomponents.
Our methodologyis not intendedfor systemghatadmitthe
possibilityof true conflict.

e Agentsareheterogeneous) thatdifferentagentsnaybeim-
plementedisingdifferentprogramminganguagesndtech-
nigues. We make no assumptionsaboutthe delivery plat-
form.

e The overall systemcontainsa comparatiely small number
of agentglessthan100).

The methodologywe proposeis comprehensg, in thatit deals
with both the macro(societal)level and the micro (agent)level
aspectf design. It represent@n advanceover previous agent-
orientedmethodologied thatit is neutralwith respecto boththe
targetdomainandthe agentarchitecturgseesection6 for a more
detailedcomparison).

2 A Conceptual Framework

Our methodologyis intendedto allow an analystto go systemat-
ically from a statemenof requirementgo a designthatis suffi-
ciently detailedthatit canbe implementeddirectly. In applying
the methodologythe analystmoves from abstractio increasingly
concreteconceptsEachsuccessie move introducegreatetimple-
mentatiorbias,andshrinksthespacef possiblesystemshatcould
beimplementedo satisfythe original requirementstatement.
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Figurel: AnalysisConcepts

Themethodologyorronvs someterminologyandnotationfrom
object-orientednalysisanddesign(specifically Fusion [5]). How-
ever, it is not simply a nave attemptto apply such methodsto
agent-orientedevelopment.Rathey our methodologyprovidesan
agent-specifiset of conceptshroughwhich a software engineer
can understancand model a complex system. In particular the
methodologyencourages developerto think of building agent-
basedsystemsasa procesf organisationaldesign

Themainconceptcanbedividedinto two cateyories:abstiact
andconcete Abstractentitiesare thoseusedduring analysisto
conceptualis¢he system,but which do not necessarilyhave ary
directrealisationwithin the system.Concreteentities,in contrast,
are usedwithin the designprocessandwill typically have direct
counterparté therun-timesystem.

Themostabstracentity in our conceptierarchyis the system
— seeFigurel. Althoughthe term “system”is usedin its stan-
dard sense,t alsohasa relatedmeaningwhentalking aboutan
agent-basedystemto mean“society” or “organisation”. Thatis,
we think of anagent-basedystemasan atrtificial societyor organ-
isation.

Theideaof a systemasa societyis usefulwhenthinking about
the next level in the concepthierarchy:roles It mayseemstrange
to think of acomputersystemasbeingdefinedby a setof roles,but
theideais quitenaturalwhenadoptinganorganisationaview of the
world. Considera humanorganisatiorsuchasa typical compay.
The compan hasrolessuchas“president”,“vice president”,and
soon. Notethatin aconcreteealisationof acompap, theseroles
will beinstantiatedwith actualindividuals: therewill be anindi-
vidual who takeson therole of presidentanindividual who takes
ontherole of vice presidentandsoon. However, theinstantiation
is notnecessarilptatic. Throughouthe compan’s lifetime, mary
individualsmay take on therole of compaly presidentfor exam-
ple. Also, thereis not necessarilya one-to-onemappingbetween
rolesandindividuals. It is notunusuakparticularlyin smallor in-
formally definedorganisationsjor oneindividual to take on mary
roles. For example,a singleindividual might take on the role of
“tea maler”, “mail fetcher”,andsoon. Corversely theremaybe
mary individualsthattake onasinglerole, e.g.,“salesman”.

A role is definedby threeattributes: responsibilities permis-
sions andprotocols Responsibilitiesleterminefunctionalityand,
assuch,areperhapghekey attributeassociatedvith arole. An ex-
ampleresponsibilityassociateavith therole of company president
might be calling the shareholdersneetingevery year Responsi-
bilities are divided into two types: livenesspropertiesand safety
properties[18]. Livenesspropertiesintuitively statethat “some-
thing goodhappens”. They describethosestatesof affairsthatan
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Figure2: Relationshipbetweerthe methodologys models

agentmustbring about,given certainenvironmentalconditions.In

contrastsafetypropertiesareinvariants.Intuitively, a safetyprop-
erty stateghat“nothingbadhappens(i.e., thatanacceptablstate
of affairsis maintainedacrossall statesof execution). An exam-
ple mightbe“ensurethereactortemperatur@iwaysremaingn the
range0-100".

In orderto realiseresponsibilitiesa role is usually associated
with a setof permissions Permissionsrethe “rights” associated
with arole. The permission®f a role thusidentify the resources
thatareavailableto thatrole in orderto realiseits responsibilities.
In thekindsof systenthatwe have typically modelled permissions
tendto be informationresouces For example,a role might have
associatedvith it the ability to reada particularitem of informa-
tion, or to modify anotherpieceof information. A role canalso
have the ability to geneateinformation.

Finally, a role is also identified with a numberof protocols
which definethe way thatit caninteractwith otherroles. For ex-
amplea“seller” rolemighthave theprotocols‘Dutch auction”and
“Englishauction”associatedvith it.

In summaryanalysisanddesigncanbethoughtof asaprocess
of developingincreasinglydetailedmodelof thesystento becon-
structed.Themainmodelsusedin ourapproactaresummarisedh
Figure2, andelaboratedn sections3 and4.

3 Analysis

The objective of the analysisstageis to develop anunderstanding
of thesystemandits structurgwithoutreferenceo ary implemen-
tation detail). In our case,this understandings capturedin the
systems organisation In moredetail, we view anorganisatioras
a collectionof roles, that standin certainrelationshipgo onean-
other andthattake partin systematicinstitutionalisedpatternsof
interactionswith otherroles. To defineanorganisationit therefore
sufiicesto definetherolesin the organisationhow theserolesre-
late to one another and how a role caninteractwith otherroles.
Theaim of the analysisstageis, therefore o modelthe systemas
amulti-agentorganisationn preciselythis way. Thus,the organi-
sationmodelis comprisedof two further models:the rolesmodel
(section3.1) andtheinteractionmodel(section3.2).

3.1 The Roles Model

Therolesmodelidentifiesthe key rolesin the system.Herearole
can be viewed as an abstractdescriptionof an entity’s expected
function.In otherterms aroleis moreor lessidenticalto thenotion

T

of an office in the sensethat “prime minister”, “attorney general



of the United States”,or “secretaryof statefor Education”areall
offices. Suchroles (or offices) are characterisedby two typesof
attribute:

e Thepermissions/rightassociatedvith therole.

A rolewill have associateavith it certainpermissionstelat-
ing to the type andthe amountof resourceshat canbe ex-
ploitedwhencarryingouttherole. In our casetheseaspects
arecapturedn anattributeknown astherole’s permissions

e Theresponsibilitieof therole.

A roleis createdn orderto do somethingThatis, arole has
a certainfunctionality This functionality is representedby
anattribute known astherole’sresponsibilities

Permissions

The permissiong@ssociateavith arole have two aspects:

¢ they identify the resourceghat canlegitimately be usedto
carryout the role — intuitively, they saywhatcanbe spent
while carryingouttherole;

¢ they statethe resourcdimits within which the role execu-
tor mustoperate— intuitively, they saywhatcant be spent
while carryingouttherole.

In general permissionganrelateto ary kind of resourceln ahu-
manorganisationfor example,a role might be given a monetary
budget,a certainamountof personeffort, andsoon. However, in
our methodologywe think of resourcessrelatingonly to thein-
formationor knowledg theagenthas.Thatis, in orderto carryout
arole,anagentwill typically beableto accessertaininformation.
Somerolesmight generaténformation;othersmayneedto access
apieceof informationbut notmodify it, while yetothersmayneed
to modify the information. We recognisethat a richer model of
resourcess requiredfor the future, althoughfor the moment,we
restrictour attentionsimply to information.

We use a formal notationfor expressingpermissionghat is
basedntheFusioN notationfor operatiorschemat$s, pp26—31].
We illustratethis notationbelow.

Responsibilities

Thefunctionalityof arole is definedby its responsibilities These
responsibilitiescan be divided into two cateyories: livenessand
safetyresponsibilities.

Livenessresponsibilitiesare thosethat, intuitively, statethat
“somethinggoodhappens” Livenesgesponsibilitiesaresocalled
becausehey tendto saythat“somethingwill bedone”,andhence
thattheagentcarryingouttheroleis still alive. Livenesgesponsi-
bilities tendto follow certainpatterns For example theguaranteed
responsgypeof achi&zementgoalhastheform “a requests always
followed by a response”.The infinite repetitionachie’ementgoal
hastheform “x will happerinfinitely often”. Notethatthesetypes
of requirementsave beenwidely studiedin thesoftwareengineer
ing literature wherethey have provento benecessarfor capturing
propertiesof reactivesystemg18].

In orderto illustratethe variousconceptsssociateavith roles,
we will usea simplerunningexampleof a “coffee filler” role —
the purposeof thisrole is to ensurethata coffee potis keptfull of
coffeefor agroupof workers. Examplef livenessesponsibilities
for a CoffeeFiller role mightbe:

e wheneerthecoffeeis empty fill it up;

o wheneerfreshcoffeeis breved,make suretheworkersknow
aboutit.

Xy x followedby y x|y
Xk x occurs0 or moretimes  x+
x® x occursinfinitely often [
x|ly xandy interleaed

X Or y occurs
x occursl or moretimes
X is optional

Tablel: Operatordor livenessxpressions

In ourmodel,anagents livenesgpropertieaarespecifiedvia alive-
nessxpressionwhichdefineshe“life-cycle” of therole. Liveness
expressionsaresimilar to the life-cycleexpressionof FUSION [5],
which are in turn essentiallyregular expressions. Our liveness
propertieshave an additionaloperatoy “w’, for infinite repetition
(seeTable 1 for moredetails). They thusresemblew-regular ex-
pressionswhichareknown to besuitablefor representingheprop-
ertiesof infinite computation$20].

Livenessxpressionglefinethe potentialexecutiontrajectories
throughthe variousactuities and interactions(i.e., over the pro-
tocols) associatedvith the role. The generalform of a liveness
expressions:

RoleName = expression

whereRoleName is the nameof the role whoselivenesgproperties
arebeingdefined andexpressioris thelivenessxpressiordefining
the livenesgropertiesof RoleName. The atomiccomponent®f a
livenessxpressiorareprotocols— we defineprotocolsbelow.

To illustrate livenessexpressions consideragain the above-
mentionedesponsibilitieof the CoffeeFiller role:

CoffeeFiller =  (Fill.InformWorkers.CheckStock.AwaitEmpty)®
This expressiorsaysthat CoffeeFiller consistsof executingthe pro-
tocol Fill, followed by the protocolinformworkers, followed by the
protocolsCheckStock andAwaitEmpty. Thesefour protocolsarethen
repeatednfinitely often. For the moment,we shall treatthe pro-
tocols simply aslabelsfor interactionsand shall not worry about
how they are actually defined(this matterwill be returnedto in
section3.2).

Compl« livenessexpressionscan be madeeasierto readby
structuringthem.A simpleexampleillustrateshow thisis done:

CoffeeFiller =
Al =

(An)®
Fill.InformWorkers.CheckStock. AwaitEmpty

In mary casesit is insufficient simply to specifythe liveness
responsibilitiesof a role. This is becausean agent,carryingout
arole, will be requiredto maintaincertaininvariants while exe-
cuting. For example,we might requirethata particularagenttak-
ing partin an electroniccommerceapplicationnever spendsmore
mong thanit hasbeenallocated . Thesenvariantsarecalledsafety
conditions,becausehey usuallyrelateto the absencef someun-
desirableconditionarising.

Safetyrequirementi ourmethodologyarespecifiedoy means
of alist of predicatesThesepredicatesretypically expresseaver
the variableslisted in a role’s permissionattribute. Returningto
our CoffeeFiller role, anagentcarryingoutthisrole will generallybe
requiredto ensurethatthe coffee stockis never empty We cando
this by meansf thefollowing safetyexpression:

o coffeeStok >0
By corvention,we simply list safetyexpressionsasa bulletedlist,

eachitem in thelist expressinganindividual safetyresponsibility
It is implicitly assumedhattheseresponsibilitiesapply acrossall



ROLE SCHEMA: nameofrole
Description shortEnglishdescriptionof therole
Protocols protocolsin which therole playsa part
Permissions “rights” associatedvith therole
Responsibilities

Liveness livenesgesponsibilities

Safety safetyresponsibilities

Figure3: Templatefor Role Schemata

statef the systemexecution.If theroleis of infinitely long dura-
tion (asin theCoffeeFiller example) thentheinvariantsmustalways
betrue.

It is now possibleto preciselydefinethe rolesmodel. A roles
modelis comprisedf a setof role schemata onefor eachrole in
the system. A role schemadraws togetherthe variousattributes
discussedbore into a single place(Figure 3). An exemplarin-
stantiationis givenfor the CoffeeFiller rolein Figure4. Thisschema
indicateghatcoffeeFiller haspermissiorto readthecoffeeMaler pa-
rametei(thatindicateswhich coffee machinetheroleis intendedo
keepfilled), andthe coffeeStatugthat indicateswhetherthe ma-
chineis full or empty). In addition, the role has permissionto
changehevaluecoffeeStock.

3.2 The Interaction Model

Thereare inevitably dependencieand relationshipsbetweenthe
variousrolesin a multi-agentorganisation.Indeed,suchinterplay
is centralto the way in which the systemfunctions. Given this
fact, interactionsohviously needto be capturedandrepresenteéh

theanalysisphaseln our case suchlinks betweerrolesarerepre-
sentedn theinteractionmodel This modelconsistof a setof pro-

tocol definitions onefor eachtypeof inter-role interaction.Herea
protocolcanbeviewedasaninstitutionalisegatternof interaction.
Thatis, a patternof interactionthathasbeenformally definedand
abstractedway from ary particularsequencef executionsteps.
Viewing interactionsn this way meanghatattentionis focusedon

the essentiahatureand purposeof the interaction,ratherthanon

the preciseorderingof particularmessagexchangegcf. theinter-

actiondiagramsof OBJECTORY [5, pp198-203pr thescenarioof

FUSION [5]).

Our approachmeansghata singleprotocoldefinitionwill typi-
cally give riseto anumberof messagénterchange theruntime
system. For example,consideran Englishauctionprotocol. This
involvesmultipleroles(sellersandbidders)andmary potentialpat-
ternsof interchangéspecificpriceannouncementndcorrespond-
ing bids). However at the analysisstage suchpreciseinstantiation
detailsareunnecessarandtoo premature.

In moredetail, protocoldefinitionsconsistof the following set
of attributes:

e purpose brief descriptionof the natureof the interaction

(e.g. “information request”,“scheduleactivity” and“assign
task™);

e initiator: therole(s)responsibldor startingtheinteraction;
e respondertherole(s)with whichtheinitiator interacts;

e inputs informationusedby therole initiator while enacting
theprotocol;

e outputs information suppliedby/to the protocolresponder
duringthe courseof theinteraction;

Fil

Coffegiler | CoffeeMachine supled cofeeeker

Fill cofiee machine

L coffeeStock

Figure5: TheFill ProtocolDefinition

e processing brief descriptionof ary processinghe protocol
initiator performsduringthe courseof theinteraction;

By meanf anillustration,considertherill 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 protocolinvolves CoffeeFiller putting coffee in
the machinenamedcoffeeMaler, andresultsin CoffeeMachine be-
ing informedaboutthe value of coffeeStock. We will seefurther
examplesof protocolsin section5.

3.3 The Analysis Process

Theanalysisstageof the methodologycannow be summarised:

1. Identify therolesin thesystem.

Output A prototypicalrolesmodel— alist of thekey roles
thatoccurin thesystemeachwith aninformal, unelaborated
description.

2. For eachrole, identify and documentthe associategroto-
cols Protocolsarethe patternsof interactionthat occurin
the systembetweerthevariousroles.

Output An interactionmodel,which captureghe recurring
patternsof interrole interaction.

3. Usingtheprotocolmodelasabasis glaborateherolesmodel.

Output A fully elaboratedoles model, which documents
the key rolesoccurringin the system their permissionsind
responsibilitiesandthe protocolsin which they take part.

4. Iteratestageg1)—(3).

4 Design

The aim of a “classical” designprocessis to transformthe ab-
stractmodelsderived during the analysisstageinto modelsat a
sufficiently low level of abstractiorthatthey canbe easilyimple-
mented.This is not the casewith agent-orientediesign,hovever.
Rather our aim is to transformthe analysismodelsinto a suffi-
ciently low level of abstractiorthat traditional designtechniques
(including object-orientedechniques)nay be applied. To put it
anotheway, theagent-orientednalysisanddesignprocesss con-
cernedwith how asocietyof agentsooperatéo realisethesystem-
level goals,andwhatis requiredof eachindividual agentin order
to do this. Actually how an agentrealisesits servicesis beyond
the scopeof the methodology and will dependon the particular
applicationdomain.
Thedesignprocessnvolvesgeneratinghreemodels(seeFig-
ure2). Theagentmodelidentifiestheagenttypesthatwill make up
the system,andthe agentinstanceghatwill be instantiatedrom
thesetypes. The servicesmodelidentifiesthe main servicesthat
will be associateavith eachagenttype. Finally, theacquaintance
modeldocumentshe acquaintancefor eachagenttype.



« coffeeStok >0

ROLE SCHEMA: CoffeeFiller
DESCRIPTION:
Thisrole involvesensuringhatcoffeeis keptfilled, andinforming the workerswhenfreshcoffee hasbeenbrewed.
PROTOCOLS:
Fill, InformWorkers, CheckStock, AwaitEmpty
PERMISSIONS:
reads supplied coffeeMaler  // nameof coffeemaler
coffeeStatus [/ full or empty
changes  coffeeStock /I stok level of coffee
RESPONSIBILITIES
LIVENESS:
CoffeeFiller = (Fill.InformWorkers.CheckStock.AwaitEmpty)®
SAFETY:

Figure4: Schemdor role CoffeeFiller

4.1 The Agent Model

The purposeof the agentmodelis to documenthe variousagent
typesthatwill be usedin the systemunderdevelopment,andthe
agentinstanceghatwill realisetheseagenttypesatrun-time.

An agenttypeis bestthoughtof asa setof agentroles. There
mayin factbeaone-to-oneorrespondendeetweerroles(asiden-
tified in therolesmodel— seesection3.1) andagenttypes. How-
ever, this neednot bethe case.A designercanchooseto package
a numberof closelyrelatedrolesin the sameagenttype for the
purpose®f convenience.Efficiengy will alsobe a majorconcern
atthis stage:a designewill almostcertainlywantto optimisethe
design,andoneway of doingthisis to aggrgateanumberof agent
rolesinto a singletype. An exampleof wheresucha decisionmay
be necessarys wherethe “footprint” of anagent(i.e., its run-time
requirementsn termsof processopower or memoryspace)s so
largethatit is moreefficientto deliver anumberof rolesin asingle
agentthanto deliver a numberof agentseachperforminga single
role. Thereis obviously a trade-of betweenthe coheenceof an
agenttype (how easilyits functionalitycanbe understoodandthe
efficiengy considerationghatcomeinto play whendesigningagent
types. The agentmodelis definedusinga simpleagenttypetree
in which root nodescorrespondo roles, (as definedin the roles
model),andothernodescorrespondo agentypes.If anagentype
t1 haschildrent, andts, thenthis meanghatt; is composeaf the
rolesthatmale upt, andts.

We documenthe agentinstanceghatwill appearin a system
by annotatingagentypesin theagentmodel(cf. thequalifiersfrom
FUSION [5]). An annotationn meansthat therewill be exactly
n agentsof this typein the run-time system. An annotationm..n
meanghattherewill benolessthanmandnomorethann instances
of this typein arun-timesystem(m < n). An annotationx means
thattherewill bezeroor moreinstancestrun-time,and+ means
thattherewill beoneor moreinstancestrun-time.

Note that inheritanceplaysno partin our agentmodels. Our
view is thatagentsarecoarsegrainedcomputationabystemsand
anagentsystemwill typically containonly asmallnumberof roles
and types, with often a one-to-onemappingbetweenthem. For
this reasonwe believe thatinheritancehasno usefulpartto play
in the designof agenttypes. (However, whenit comesto actually
implementingagents,inheritancemay be usedin the normal OO
fashion.)

4.2 The Services Model

As its namesuggeststhe aim of the servicesmodelis to identify
theservicesassociatevith eachagentole,andto specifythemain
propertiesof theseservices.By a service,we meana functionof

theagent.In OO terms,a servicewould correspondo a method,;
however, we donotmearthatservicesareavailablefor otheragents
in the sameway thatan objects methodsareavailablefor another
objecttoinvoke. Ratheraservices simplyasingle,coherenblock
of actiity thatanagentwill engagen.

For eachservicethatmay be performedby anagent,it is nec-
essaryto documentts properties. Specifically we mustidentify
theinputs outputs pre-conditionsandpost-condition®f eachser
vice. Inputsandoutputsto serviceswill be derivedin anobvious
way from the protocolsmodel. Pre-andpost-conditionsepresent
constrainton services.Thesearederived from the safetyproper
tiesof arole. Note thatby definition, eachrole will be associated
with atleastoneservice.

The servicesthat an agentwill performare derived from the
list of protocolsandresponsibilitiesassociatedvith a role, andin
particular from the livenesgefinition of a role. For example,re-
turning to the coffee example,thereare four protocolsassociated
with thisrole: Fill, InformWorkers, CheckStock, andAwaitEmpty. There
will be at leastone serviceassociatedvith eachprotocol. In the
caseof ChecksStock, the service(which may have the samename),
will take asinputthestocklevel andsomethresholdvalue,andwill
simply comparethe two. The pre- and post-conditionswill both
statethatthe coffee stocklevel is greaterthan0 — this conditionis
oneof the safetyconditionsof the CoffeeFiller.

The servicesmodeldoesnot prescribean implementatiorfor
the servicest documentsThe developeris freeto realisethe ser
vicesin ary implementatiorframevork deemedappropriate.For
example,it maybedecidedo implementservicedlirectlyasmeth-
odsin anobject-orientedanguageAlternatively, a servicemaybe
decomposeihto anumberof methods.

4.3 The Acquaintance Model

Thefinal designmodelis probablythe simplest:the acquaintance
model Acquaintancemodelssimply definethe communication
links thatexist betweeragenttypes.They do not definewhatmes-
sagesaresentor whenmessageare sent— they simply indicate
that communicatiorpathwaysexist. In particular the purposeof
anacquaintancenodelis to identify any potentialcommunication
bottleneckswhich may causeproblemsat run-time (seesection5
for an example). It is generallyregardedas good practiceto en-
surethatsystemsarelooselycoupled,andthe acquaintancenodel
canhelpin doingthis. On the basisof the acquaintancenodel, it
maybefoundnecessario revisit theanalysisstageandrework the
systemdesignto remove suchproblems.

An agentacquaintancenodelis simply a graph, with nodes
in the graphcorrespondingo agenttypesand arcsin the graph



correspondingo communicationpathways. Agent acquaintance
modelsaredirectedgraphsandsoanarca— b indicateghata will
sendmessageto b, but not necessarilythatb will sendmessages
to a. An acquaintancenodelmay be derivedin a straightforvard
way from theroles,protocols,andagentmodels.

4.4 The Design Process

Thedesignstageof themethodologycannow be summarised:
1. Createanagentmodei

e aggregaterolesinto agenttypes andrefineto form an
agenttypehierarchy;

e documentthe instancesof eachagenttype usingin-
stanceannotations.

2. Developaservicesnodel,by examiningprotocolsandsafety
andlivenesgropertiesof roles.

3. Develop anacquaintancenodelfrom theinteractionmodel
andagentmodel.

5 A Case Study: Business Process Management

Thissectiorbriefly illustrateshow themethodologycanbeapplied,
througha casestudyof the analysisanddesignof an agent-based
systemfor managinga British Telecombusinesgrocesgsee[13]
for moredetails).For reason®f brevity, we omit somedetails,and
aiminsteado give ageneralflavour of theanalysisanddesign.

The particularapplicationis providing customersvith a quote
for installing a network to deliver a particulartype of telecommu-
nicationsservice.This activity involvesthefollowing departments:
the customeiservicedivision (CSD), thedesigndivision(DD), the
legal division (LD) andthe variousorganisationsvho provide the
out-sourcederviceof vettingcustomes (VCs). Theprocesss ini-
tiatedby a customercontactinghe CSDwith a setof requirements.
In parallelto capturingthe requirementsthe CSD getsthe cus-
tomervetted.If the customerfails the vetting procedurethe quote
procesgerminatesAssumingthe customeis satistctory theirre-
quirementsare mappedagainstthe serviceportfolio. If they can
be met by a standardoff-the-shelfitem thenan immediatequote
canbe offered. In the caseof bespok serviceshowever, the pro-
cessis morecomple. DD startsto designa solutionto satisfythe
customes requirementandwhilst thisis occurringLD checkghe
legality of theproposedservice.If thedesiredserviceis illegal, the
quoteprocesgerminates Assumingthe requestederviceis legal,
the designwill eventuallybe completedandcosted. DD thenin-
forms CSD of the quote.CSD, in turn, informsthe customer The
businesgprocesghenterminates.

Moving from this behaioural descriptiorof the systems oper
ationto anorganisationaview is comparatiely straightforvard. In
mary caseghereis aoneto onemappingbetweerdepartmentand
roles. Thus,the VC’s, the LD’s, andthe DD’s behaiour arecov-
eredby the roles Customer\Vetter, LegalAdvisor, and NetworkDesigner
respectrely. CSD's behaiour falls into two distinct roles: one
actingasan interfaceto the customer(CustomerHandler), andone
overseeingheprocessnsidethe organisatior(QuoteManager). The
final role is that of the Customer who requiresthe quote. Figure6
definesthe role QuoteManager — we omit otherrole definitionsin
the interestsof brevity. The definition of the VetCustomer protocol
is givenin Figure7.

Turningto thedesignstage anagentmodelfor thisapplication
is givenin Figure8. As thisfigureillustrates theimplementedys-
tem containsfive agenttypes,with two roles(CustomerHandler and
QuoteManager) beingaggr@atedinto agenttype CustomerService-
DivisionAgent.Theacquaintancenodelfor this domainis defined
in Figure9. (We omittheservicesnodelin theinterestof brevity.)

TenderContract

QM cv
select which CV to

award contract to

vettingRequirements

VettingRequest

QM cv
ask for vetting of

customer .
customerDetails

VettingResponse .
customerDetails

cv QM
perform vetting and

customerRatingInfo

return credit rating

creditRating

Figure 7: Definition of Protocol vetCustomer between Roles
QuoteManager (QM) andcustomerVetter (CV)

Cutomerdgent ~ CustomerServiceDiisondgent— VetCusomerdgent — NebworkDesinerAgent  LegalAdisorAgent
T+ ! T 3 T L 7 L5

Csomer~~ Customertancr ~ QuoteManeger — CosomerVeter — NebworDesiner — LegalAdhiin

Figure8: AgentModel for Businesrocesdvlanagement

6 Related Work

As a result of the developmentand applicationof robust agent
technologiestherehasbeena suige of interestin agent-oriented
methodologieandmodellingtechnique#n thelastfew years.Mary
approachessuchas[3, 16] take existing OO modellingtechniques
or methodologiesistheir basis seekingeitherto extendandadapt
themodelsanddefineamethodologyor theiruse,or to directly ex-
tendtheapplicabilityof OO methodologiesndtechniquessuchas
designpatternsto the designof agentsystems.Otherapproaches
build upon and extend methodologiesand modelling techniques
from softwareandknowledgeengineeringor provide formal,com-
positionalmodellinglanguageg$2] suitablefor the verificationof
systemstructureand function. A valuablesuney can be found
in [10].

Theseapproachesisuallydo not attemptto unify the analysis
anddesignof a MAS with its designandimplementatiorwithin a
particularagenttechnology They eitherregardthe outputof the
analysisand designprocessas an abstractspecificationto which
traditional lower-level designmethodologiesmay be applied (as
proposedn this paper)or elsethey allow somearchitecturatom-
mitmentto be madeduring analysisor design,but fall shortof a
full elaboratiorof the designwithin the choserframeavork. Of the
approachesnentionedabove, only the Aom approachof [16, 15|
malkesa strongcommitmentto a particularagentarchitectureand
proposes designelaboratiorandrefinemenprocesshatleadsto
directly executableagentspecifications Giventhe proliferationof
availableagentechnologiesthereareclearlyadvantageso amore



customerRequirements
creditRating
servicelsLgal

generates  quote

ROLE SCHEMA: QuoteManager (QM)
DESCRIPTION:

Responsibldor enactinghe quoteprocessGenerates quoteor returnsnil if customeinappropriater serviceis illegal
PROTOCOLS:

VetCustomer, GetCustomerRequirements, CostStandardService, CheckServiceLegality, CostBespokeService
PERMISSIONS:

reads supplied customerDetails // customercontactinformation
/ detailedservicerequirements
/I customess creditrating

/I booleanfor bespok requests
/I completedjuoteor nil

RESPONSIBILITIES

LIVENESS:
QuoteManager = QuoteResponse
QuoteResponse = (VetCustomer || GetCustomerRequirements) | (VetCustomer || GetCustomerRequirements).CostService
CostService = CostStandardService | (CheckServiceLegality || CostBespokeService)
SAFETY:
¢ bad(creditRating = Quote= nil
o servicelsLgal = false= Quote= nil
Figure6: Schemdor role QuoteManager
Agent classeddefine various attributes possessetty agents,and
CustomerAgent amongsttheseare attributes defining the agents setsof beliefs,
goals,andplans. The analystis ableto definehow theseattributes
CustomerServiceDivisionAgent areoverriddenduringinheritance.For example,it is assumedhat
by default, inherited planshave lower priority thanthosein sub-
) ) classesTheanalystmaytailor thesepropertiesasdesired.
VetCustomerAgent  NetworkDesignAgent LegalAdvisorAgent Theinternalmodelswhichrepresenthebeliefs goalsandplans

Figure9: AcquaintancéModel for BusinesProcesdvlanagement

generalapproachasproposechere.However, a disadantagemay
beaneedfor iterationof theentireprocessf thelower-level design
processreveal issuesthat are bestresolhed at the agent-oriented
level.

Despitethis differencen scopetherearemary similaritiesbe-
tweenthe AOM approachandthatproposechere. Theformerwas
developedto fulfill theneedfor a principledapproactto thespeci-
ficationof complex multi-agentsystemsasednthebelief-desire-
intention (BDI) technologyof the ProceduralReasoningSystem
(PRS) andtheDistributedMulti-Agent Reasoning@ystem DMARS)
[17, 6].

Theaom methodologyakesasits startingpointobject-oriented
modellingtechniquesasexemplifiedby [19, 1], andadaptsandex-
tendsthemwith agentconcepts.The methodologyitself is aimed
attheconstructiorof asetof modelswhich, whenfully elaborated,
definean agentsystemspecification. The main separatiorin the
modelsdevelopeds betweertheexternalandinternalmodels.The
externalmodelspresent system-lgel view: themaincomponents
visible in thesemodelsareagentshemseles,andthey areprimar
ily concernedvith agentrelationshipsandinteractions,jncluding
inheritanceandaggreationrelationshipghatallow abstractiorof
agentstructure.In contrasttheinternalmodelswhich areassoci-
atedwith eachdistinctagentclassareentirely concernedvith the
internalsof agentstheir beliefs,goals,andplans.

Therearetwo primaryexternalmodelstheagentmode] which
describesagentclassesandinstancesand the interaction mode)
which capturecommunicationsndcontrolrelationshipsetween
agents. The agentmodel is further divided into an agent class
modelandan agentinstancemodel Thesetwo modelsdefinethe
agentclassesandinstanceshatcanappearandrelatetheseto one
anothervia inheritance,aggrgation, and instantiationrelations.

of particularagentclassesaredirectextensionf OO objectmod-
els (beliefs, goals)and dynamicmodels(plans). Thus, for exam-
ple, an objectmodelis usedto describethe objectsaboutwhich
anagentwill have beliefs,andthe propertiesof thosebeliefs,such
aswhetherthey have open-or closed-vorld semantics.Dynamic
models extendedwith notionsof failureandvariousotherattributes,
areusedto directly representin agents plans. Thesemodelsare
thusquitespecificto theBDI architectureemplo/edin DMARS. By
contrastthe externalmodelsare applicableto ary BDI agentar
chitecture. The methodologyis aimedat elaboratingthe models
describedabove.

A particularfeatureof the methodologyis its emphasin the
useof abstiact agent classesasthe meansto grouprolesduring
analysisandmodelrefinementwhich permitsdecisionsaboutthe
boundarie®of concreteagentsto be deferredto a late stageof the
designprocess.

Notethattheanalysisprocesswill beiterative, asin traditional
methodologiesThe outcomewill bea modelthatcomprisespec-
ificationsin the form requiredby the DMARS agentarchitecture.
As a result, the move from end-desigrto implementationusing
DMARS is relatively simple.

It canbeseerthattherearemary similaritiesbetweertheAom
externalmodelsandthe modelsproposedn this paper However,
the notion of responsibilityusedin the Aom modelsis quite in-
formal: safetyandlivenessequirementare not madeexplicit at
an abstractievel, andthey lack the notion of permissionsisedto
captureresourcausagewhichis insteadcapturedmplicitly by the
belief structureof individual agents By contrastthe protocolsthat
definethe permittedinteractiondbetweeragentsnaybedeveloped
to agreaterdegreeof detailwithin the Aom approachfor example
asin [14], whereashereprotocolsare emplo/ed as more generic
description®f behaiour thatmayinvolve entitiesnotmodelledas
agentssuchasthe coffee machine.Anothersignificantdifference
is the usein AoM of inheritancebetweenagentclasseswhich is
not permittedby themethodologyproposedere,asit is of limited



valuewithout a specificarchitecturacommitment.

Thedefinitionanduseof variousnotionsof role, responsibility
interaction teamandsocietyor organizationin particularmethods
for agent-orientednalysisanddesignhasalsoinheritedor adapted
muchfrom moregeneralusesof theseconceptswithin multi-agent
systemsincludingorganization-focusseapproachesuchasl9, 7,
11] andsociologicalapproachesuchas[4]. However, it is beyond
the scopeof this paperto compareour definition anduseof these
conceptwith this heritage.

7 Conclusions and Further Work

In this paperwe have describeca methodologywe have developed
for the analysisand designof agent-basedystems.The key con-
ceptsin this methodologyare roles, which have associatedvith
themresponsibilitiespermissionsandprotocols.Rolescaninter-
act with one anotherin certaininstitutionalisedways, which are
definedin the protocolsof therespectie roles.

Therearemary issuesemainingfor futurework. Perhapsnost
importantly our methodologydoesnot attemptto dealwith truly
opensystemsin which agentamay not sharecommongoals. This
classof systemsepresentarguably the mostimportantapplica-
tion areafor multi-agentsystemsandit is thereforeessentiathat
our methodologyshouldbe ableto dealwith it. Anotheraspecof
agent-basednalysisanddesignthatrequiresmorework is the no-
tion of anorganisationastructure At the momentsuchstructures
areonly implicitly definedwithin our methodology— within the
role andinteractionmodels. However, direct, explicit representa-
tionsof suchstructureswill be of valuefor someapplications For
example,if agentsaareusedio modellargeorganisationsthenthese
organisationsvill have anexplicitly definedstructure.Represent-
ing suchstructuresmay be the only way of adequatelycapturing
and understandinghe organisatiors communicationand control
structuresMore generallythedevelopmenbf organisationdesign
patternsmight be usefulfor reusingsuccessfuinulti-agentsystem
structureqcf. [8]). Finally, we believe thata successfumethodol-
ogy is onethatis notonly of pragmaticvalue,but onethatalsohas
a well-defined,unambiguougormal semantics While the typical
developerneednever even be aware of the existenceof sucha se-
mantics,t is neverthelesgssentiato have a preciseunderstanding
of whatthe conceptandtermsin amethodologymean[21].
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