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Abstract

The use of agentsof mary differentkinds in a variety of fields of computerscienceand
artificial intelligenceis increasingrapidly andis due,in part, to their wide applicability The
richnessof the agentmetaphotthatleadsto mary differentusesof thetermis, however, botha
strengthanda weaknessits strengthlies in thefactthatit canbe appliedin very mary different
waysin mary situationgfor differentpurposestheweaknesss thatthetermagentis now usedso
frequentlythatthereis no commonlyacceptedotion of whatit is thatconstitutesanagent.This
paperaddressethis issueby applyingformal methodgo provide a definingframeawork for agent
systemsTheZ specificatiolanguagés usedto provide anaccessibl@ndunifiedformalaccount
of agentsystemsallowing usto escapdrom the terminologicalchaosthatsurroundsagents.In
particular theframework preciselyandunambiguoushprovidesmeaninggor commonconcepts
andterms,enableslternatve modelsof particularclasse®f systenmto bedescribedvithin it, and
providesafoundationfor subsequendevelopmentf increasinglymorerefinedconcepts.

1 Intr oduction

Overthelastfive to tenyears the notionsunderlyingagent-basedystemdave becomealmostcom-
monplace yet werevirtually unknavn in earlieryears. Not only have agent-basedystemsmoved
into the mainstreamthey have spreadbeyond a niche areaof interestin artificial intelligence,and
have cometo be a significantandgenericcomputingtechnology The dramaticandsustainedjrowth
of interestis demonstratedly theincreasingrumberof majorconferenceandworkshopsn thisvery
dynamicfield, coveringadepthandbreadthof researchhattestifiesto animpressie level of maturity
for sucharelatvely youngarea.

Someof the reasondor the growth in popularity of the field (apartfrom the olbvious intuitive
appealof the agentmetaphor)anbe seenin the progresamadein complementaryechnologieg1],
of which perhapshe mostdramatichasbeenthe emegenceof the World Wide Weh The distri-
bution of informationand associatedechnologiedend themseles almostideally to useby, in and
for multi-agentsystemswhile the problemsthat ariseasa consequencsuggesno solutionquite as
muchasagents.The dualaspecbf this interactionwith the World Wide Web hasthusbeena major
driving force. Othercontrituting factorsincludeadwancesn distributed objecttechnologythathave



providedaninfrastructuravithoutwhich the developmenibf large-scaleagentsystemsvould become
muchmoredifficult andlesseffective. For example,the CORBA distributed computingplatform[2],
to handlelow-level interoperationof heterogeneoudistributed componentsis a valuablepiece of
technologythat canunderpinthe developmentof agentsystemswithout the needfor re-invention of
fundamentatechniques.

Thecontradictionof agent-basedystemss thatthereis still aneffort to provide a soundconcep-
tual foundationdespitethe onward marchof applicationsdevelopment.Iindeed,while thereare still
disagreementever the natureof agentsthemseles, significantcommercialandindustrial research
anddevelopmentefforts have beenundervay for sometime [3, 4, 5, 6], andaresetto grow further

A recurrenthemethatis raisedin oneform or anotherat mary agentconferenceandworkshops
is the lack of agreementbver whatit is that actually constitutesan agent. It is difficult to know if
thisis a helpor hindranceput thetruthis thatit is probablyboth. On the onehand,theimmediately
engagingconceptandimageshatspringto mind whenthetermis mentionedarea primereasorfor
thepopularisatiorof agentsystemsn the broader(andevenpublic) community andfor theextremely
rapidgrowvth anddevelopmenif thefield. Indeedtheelasticityin terminologyanddefinitionof agent
conceptdasled to theadoptionof commontermsfor a broadrangeof researclactvity, providing an
inclusve andencompassingetof interactingand cross-fertilisingsub-fields. This is partly respon-
sible for the richnessof the area,andfor the variety of approachesindapplications. On the other
hand,however, thelack of acommonunderstandindeadsto difficultiesin communicationalack of
precision(and sometimeseven confusion)in nomenclatureyastoveruseandakuseof the terminol-
ogy, anda proliferationof systemsadoptingthe agentiabelwithout obviousjustificationfor doingso.
The discussioris valuableand important,for without a commonlanguagetherecanbe significant
barriersto solid progresshut it is problematicto find a way to corverge on sucha languagewithout
constrainingor excludingareasn the currentspectrunof actwity.

In this paperwe seekto addresshe aforementionegroblemsby providing a soundconcep-
tual framework with which to understandand organisethe landscapef agent-basegystems.Our
approachs notto constrainthe useof terminologythroughrigid definition, but to provide anencom-
passinginfrastructurethat may be usedto understandhe natureof different systems. The benefit
of this is thatthe richnessof the agentmetaphoris presered throughoutits diverseuses,while the
distinctidentitiesof differentperspectiesare highlightedandusedto directandfocusresearcrand
developmentaccordingo the particularobjectvesof a sub-area.

The paperbegins with a brief review and overview of agents,and then arguesfor the use of
formal methodsin providing a foundationalframework for them, and describeshe notationused
here.Sectiond introduceghe agentframevork, andSection5 describeshe key agentcomponentsn
detail. The paperendswith a discussiorof theimplicationsof this view of agentsandhow it enables
thefield to beorganisedandunderstoodandwith a consideratiorof thewaysin whichtheframevork
canbeextendedio describemorespecificagentarchitectures.

2 The AgentLandscape

2.1 Terminology

In artificial intelligence(Al), theintroductionof the notion of agentss partly dueto the difficulties
thathave arisenwhenattemptingo solve problemswithout regardto arealexternalernvironmentor to
theentity involvedin thatproblem-solvingprocess Thus,thoughthe solutionsconstructedo address
theseproblemsarein themselesimportant,they canbe limited andinflexible in not copingwell in



real-world situations. In responseagentshave beenproposedas situatedand embodiedproblem-
solvers that are capableof functioning effectively and efficiently in comple< ervironments. This
meansthatthe agentrecevesinput from its ervironmentthroughsomesensorydevice, andactsso
asto affectthatenvironmentin someway througheffectors. Sucha simplebut powerful concepthas
beenadoptedwith remarkablespeedandvigour by mary branche®f computersciencebecaus®f its
usefulnesandbroadapplicability

Indeed thereis now a plethoraof differentlabelsfor agentgangingfrom thegenericautonomous
agents[7], softwae agents[8], andintelligent agents[9] to the more specificinterfaceagents[10],
virtual agents[11], informationagents[12], mobileagents[13, 14], andsoon. The diverserangeof
applicationgor which agentsare beingtoutedinclude operatingsystemsnterfaces[15], processing
satelliteimagingdata[16], electricity distribution managemenftl7], air-traffic control[18] business
processnanagemeritl9], electroniccommercg20] andcomputergameq?21], to namea few.

Therichnesof the agentmetaphothatleadsto suchdifferentusesof thetermis botha strength
and a weakness.lts strengthlies in the fact thatit canbe appliedin very mary differentwaysin
mary situationsfor differentpurposesTheweaknesshowever, is thatthetermagentis now usedso
frequentlythatthereis no commonlyacceptedotionof whatit is thatconstitutesanagent.Giventhe
rangeof areasn which the notionsandtermsareapplied,this lack of consensusver meanings not
surprising.As Shohani22] pointsout, the numberof diverseusesof thetermagentaresomary that
it is almostmeaninglessvithout referenceo a particularconceptof agent.

Thatthereis no agreemenbn whatit is that makessomethingan agentis now generallyrecog-
nised,andit is standardthereforefor mary researchers provide theirown definition. In arelatvely
early collectionof papersfor example,several differentviews emepge. Smith [23] takesanagentto
be a “persistentsoftware entity dedicatedo a specificpurposé€. Selker [24] views agentsas“com-
puterprogramghat simulatea humanrelationshipby doing somethinghatanothermersoncould do
for you? Moreloosely Riecken[25] refersto “integratedreasoningrocessesasagents Otherstake
agentgo be computemprogramsthat behae in a manneranalogougo humanagentssuchastravel
agentsor insuranceagentg26] or software entitiescapableof autonomougoal-orientedoehaiour
in a heterogeneousomputingervironment[27], while someavoid the issuecompletelyand leave
theinterpretatiorof their agentgo the reader Many suchotheragentdefinitionscanbefoundin the
excellentreview by FranklinandGraessef28], in advanceof proposingtheir own definition.

Typically, however, agentsare characterisedalong certaindimensionsyatherthandefinedpre-
cisely For example,in the now foundationalsuney of the field by Wooldridgeand Jenningq9], a
weaknotionof ageny is identifiedthatinvolvesautonomyor the ability to functionwithoutinterven-
tion, social ability by which agentsanteractwith otheragentsreactivityallowing agentso perceve
andrespondo a changingervironment,and pro-activenesshroughwhich agentsbehae in a goal-
directedfashion.To someextent,thesecharacteristicarebroadlyacceptedy mary asrepresentate
of thekey qualitiesthatcanbeusedto assessagentness

WooldridgeandJenningsalsodescribea strong notion of ageng, prevalentin Al which, in addi-
tion to theweaknotion,alsousesnentalcomponentsuchasbelief, desire intention,knowledgeand
soon. Similarly, Etzioni and Weld [26] summarisedesirableagentcharacteristicasincluding au-
tonomy tempoal continuityby which agentsarenot simply ‘one-shot’computationsbelievableper
sonalityin orderto facilitate effective interaction,communicatiorability with otheragentor people,
adaptabilityto userpreferencesnd mobility which allows agentsto be transportedacrossdifferent
machinesandarchitectures.They further characterisehe first of these autonomy asrequiringthat
agentsare goal-orientedand accepthigh-level requestscollabormative in thatthey canmodify these
requestsandclarify them,flexible in not having hard, scriptedactions,andself-startingin thatthey
cansensehangesnddecidewhento take action. Othercharacteristicareoftenconsideredpothim-
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plicitly andexplicitly, with regardto notionsof ageng including,for example,veracity, bene&olence
andrationality.

WooldridgeandJenninggecognisg¢hatmary suchqualitieshave beenproposedy othersasbe-
ing necessarjor agenthoodut, in ajoint papemwith Sycarg29], suggesthatthefour characteristics
enumeratedn their weaknotion above arethe “essence’of agenthood.Despitesomebroadaccep-
tanceof this view, therearestill mary problems.For example,in a morerecentpapey Miller [30]
seeksto suney autonomousgentarchitecturesdy consideringthe threestrandsof reactiveagents,
delibemtive (or pro-actve) agentsandinteracting (or social)agents.The propertiesherecorrespond
perfectlyto threeof thesefour key characteristicshbut insteadof beingusedto representll agents,
they areusedto breakdown the classe®f agentdnto threedistinctstreamsof research.

The difficulty with this approaclof characterisingagentsthroughidentifying their propertiess
exemplified by consideringmobile agents[13, 14], which are quite distinct and identifiablein the
focus on movementof codebetweenhost machines. Here, the key characteristids preciselythis
mobility, and indeedmobility hasbeenregardedby someas an intrinsic agentproperty as noted
earlier A critical analysisof the areaof mobile agentswould, however, uneartha recognitionthat
this mobility augmentother morecentralagentcharacteristicen mobile agents so thatmobility is
valuablein identifying thekind of agentratherthanunderstandingll agents.Similarly, someof the
morespecificlabelsfor agentsdescribeothercharacteristicthatdo notimpacton agentsasa whole,
but relateto a particulardomainor capability

This areais fraughtwith difficulty, yettherehave beenseveralefforts to addressheseissues For
example,in attemptingto distinguishagentsfrom programs,Franklin and Graesseconstructecan
agenttaxonomy[28] aimedat identifying the key featuresof agentsystemsn relationto different
brancheof thefield. Their aim, amply describedby thetitle of the papey “Is it anagentor just a
program?” highlightswhatmight be regardedasthe problemof the Empeobr’s clothes asto whether
thereis ary valueto the notion of agents. The definition provided, that an “autonomousagentis a
systemsituatedwithin anda partof anenvironmentthatsenseshatenvironmentandactsonit, over
time, in pursuitof its own agendaandsoasto affectwhatit sensen thefuture; senesto distinguish
somenon-agenprogramsrom agentshroughtheintroductionof tempoal continuity for example,
but still suffersfrom simply providing acharacterisation Usingthis, FranklinandGraessethenmove
to classify existing notionsof agentswithin a taxonomichierarchy While interestingandvaluable,
it still doesnot provide a solutionto the problemof identifying agentnessAs Petriepointsout, for
example,autonomyremainsunelaboated yetit is akey partof thedefinition[31].

In somevhat similar fashion,Muller [30] also provides a taxonomyof intelligent agentsthat
reflectsdifferentapplicationareas,andwhich canbe usedto identify classesf agentarchitectures
that are suitedto particularproblems. While this is alsoa valuableaid to understandinghe range
of work donein this area,it doesnot help in clarifying the issuesdiscussedabore. Nwana[32],
too, offers aninterestingtypology of agentsystemsn his review of the field, but importantlywarns
againsthe dangersassociatedvith the “rampant’ useof the agentbuzzword, its oversellingandthe
possibility of it becominga “passingfad” asaresult.

Thus, while agentpropertiesillustrate the rangeand diversity both of the designand potential
applicationof agentssucha discussions inadequatdor a moredetailedandpreciseanalysisof the
basicunderlyingconcepts. If we areto be able to make senseof this rapidly growing area,then
we needto progressbeyond a vagueappreciationof the natureof agents. Indeed,as Wooldridge
amgues[33], to avoid the term ‘agent’ becomingmeaninglessindemptyandattachedo everything,
only thosesystemshatmeritthe agentiabelshouldhave it. In this paperwe addresshis problemby
describinga formal framewvork thatwe have constructedor autonomyandagency which attemptgo
bring togetherthesedisparatenotions[34].



3 Formalising Agents

3.1 The Needfor Formality

Thereare mary threadsof researchin artificial intelligencebut, to a greateror lesserextent, they
canbe groupedunderthe bannereither of experimentalwork, or of formal, theoreticalwork. This
distinction,sometimesharacterisedsscrufy andneatstyles,hasled to agapthathasarisenbetween
theformal logicsusedto describeheoriesandsystemsn the onehand,andthelessformal language
of thoseinvolvedin the constructiorof software.

Recently however, someefforts have beenmadeto provide a greaterharmoty betweenthese
two camps,and to integrate the complementaryaspects. For example, Wooldridge and Jennings
have developeda modelof cooperatre problemsolving (CPS)[35] thatattemptso capturerelevant
propertiesof CPSin a mathematicaframevork while servingasa top-level specificationof a CPS
system. In anotherstrandof work, Rao hasattemptedto unite theory and practicein two ways.
First, he provided an abstractagentarchitecturethat senes as an idealizationof an implemented
systemand as a meansfor investigatingtheoreticalproperties[36]. A secondeffort developedan
alternatve formalizationby startingwith animplementedsystemandthenformalizingthe semantics
in anagentlanguagewvhich canbe viewed asan abstractiorof the implementedsystem,andwhich
allows agentprogramgo be written andinterpreted37]. Goodwinhasalsoattemptedo bridgethe
gap by providing a formal descriptionof agents,tasksand ervironments,and then defining agent
propertiesn theseterms[38].

Similar concernshave arisenin software engineering.As computersystemsbecomemore so-
phisticatedandcomple, the associatedlifficulties of effectively managinghe developmentprocess
increasedramatically[39]. The combinationof large systemsjn mary casesvith hundredsof thou-
sandf linesof code with complex concurrentdistributedandreal-timeapplicationsleadsto serious
concernver the quality andcorrectnessf the software product. Whentherearecritical safetyand
securityissuesinvolved, informal analysesan prove inadequaten assuringthe quality of the soft-
ware. Testingcanleadto improved quality, but is limited in its effectivenessIn orderto addresghis
softwae crisis, a vastarray of tools andtechniquesasarisen,including thosedescribedunderthe
bannerof formal methods

Formal specificationjn particular hasbeenconcernedvith the descriptionof a software design
andits propertiesin a mathematicalogic or someotherformal notation. Insteadof using natural
languagewith all its inherentvaguenessnd ambiguity suchformal notationsprovide a meansfor
precisespecification.

The effort by Goodwinat integrationin Al describedaborve highlightsa newv awarenesf the
possibility andindeeddesirabilityin mary casespf adoptingsuchsoftware engineeringechniques
in addressinghe problemsfacedin artificial intelligenceby the demand®of boththeoreticalnalysis
and systemdevelopment. Krauseet al., for example, have investigatedthe formal specificationof
a medicaldecisionsupportsystem[40], Craig hasspecifiedboth blackboardarchitectureg41] and
a production-ruleinterpreterf42], Wooldridgehasformally describedM Yy WORLD, atestbedor ex-
perimentatiorin distributed Al [43], andMilnes hasdescribedhe SOAR cognitive architecturg44.
More completesuneys of relatedwork with formal methodsandformal languagesn software en-
gineeringand artificial intelligenceare provided by van Harmelenand Fenselin a seriesof papers
[45, 46, 47].



3.2 Requirementsof Formal Frameworks

As amguedby GarlanandNotkin [48], software systemsarenot typically conceved in isolation, but
arerelatedto a variety of othersystemswith which they sharecommondesignfeatures.Thesecom-
monalities,however, are rarely exploited, and only in typically unstructuredvays. Thusthereis,
in software engineeringn generalasin agentresearchanddevelopment,a proliferationof designs
andimplementationsvhich areseeminglyunrelatedpr relatedin vagueanduncertainterms,despite
mary suchcommonfeatures.Two reasonsaregivenfor this: first, differentdesignsreflectdifferent
requirementssecondthe commonpropertiesof the designsarepoorly understood.

Theclaimis thenmadethatformal specificatiorcanaddresshesassueduy definingaframewnork
throughwhich commonpropertiesof a family of systemscanbe identified. As a resultof sucha
specificationjt becomegossibleto seehow differentsystemscanbe consideredisinstanceof one
design,andhow new designscanbe constructeaut of anexisting designframework [49, 50, 51].

Similarly, our intentionin this paperis to provide a formal framewvork in which to situateagent
researctandsofacilitatefruitful discussiorandeffective communicationWe arguethatsuchaformal
frameavork mustsatisfythreedistinctrequirementsasfollows.

1. A formal framewvork mustpreciselyand unambiguouslyprovide meaningsor commoncon-
ceptsandtermsanddo soin areadableandunderstandablmanner Theavailability of readable
explicit notationsallows a movementfrom vagueandconflictinginformal understandingsf a
classof modelstowardsa commonconceptuaframevork. A commonconceptuaframenork
existsif thereis agenerallyheldunderstandingf the salientfeaturesandissuesnvolvedin the
classof modelsrelevantto the problem.

2. The framework shouldbe suficiently well-structuredto provide a foundationfor subsequent
developmentof new andincreasinglymorerefinedconcepts.In particular it is importantfor
a practitionerto bein a positionin which to choosethe level of abstractiorsuitablefor their
currentpurposeor task.

3. Alternative designof particularmodelsandsystemsshouldbe ableto be explicitly presented,
comparedndevaluatedwith relatve easeawithin theframewnork. Theframevork musttherefore
provide a descriptionof thecommonabstraction$oundwithin thatclassof modelsaswell asa
meansof refiningthesedescriptiongurtherto detail particularmodelsandsystems.

By constructingsucha framework, we alsoaim to achiere the benefitssuggestedy Garlan[52]
in discussingormal reusabldramewvorks. Framevork developmentcostscanbe offset by a family
of productsratherthanjust one,differentproductscandisplayanelementof desiable uniformityand
reusablesoftware componentsanbe emplo/ed. Of particularinterest,given our earlier discussion
regardingagentdefinitions, is that the act of constructinga genericframewvork for mary products
canleadto especiallyelegantabstiactions andto cleanerdefinitionsof fundamentatonceptdehind
applications

3.3 The Z Notation

We have adoptedhe specificationanguageZ [53], in the currentwork for two majorreasonsFirst,
it is sufficiently expressie to allow a consistentunified and structuredaccountof a computersys-
temandits associate@perations.Structuredspecificationsyhich aremadepossibleby Z allowing
schemasand schemainclusion, enablethe descriptionof systemsat differentlevels of abstraction,



with systemcompleity beingaddedat successely lower levels. Secondwe view our enterprise
asthatof building programs.Z schemasre particularlysuitablein squaringthe demandsf formal
modellingwith the needfor implementationby allowing transitionbetweenspecificationand pro-
gram. Thusour approacho formal specifications pragmatic— we needto be formal to be precise
aboutthe conceptsve discussyet we wantto remaindirectly connectedo issuesof implementation
andprogramdevelopment.

The Z languagsés increasinglybeingusedbothin industryandacademiaasa strongandelegant
meansof formal specificationandis supportedoy a large array of books(e.g.[54, 55, 56]), articles
(e.g.[57, 58, 59, 60]) anddevelopmenttools. FurthermoreZ is gainingincreasingacceptancasa
tool within theartificial intelligencecommunity(e.g.[34, 38, 41, 44]) andis thereforeappropriaten
termsof standardsinddisseminatiorcapabilities.

3.4 Syntax

The formal specificationlanguage Z, is basedon settheory andfirst order predicatecalculus. It
extendstheuseof thesdanguagedy allowing anadditionalmathematicatype known asthe schema
type Z schemadave two parts:the upperdeclaratie part, which declaressariablesandtheir types,
andthe lower predicatepart, which relatesand constrainghosevariables. The type of any schema
canbeconsideredsthe Cartesiarproductof thetypesof eachof its variableswithout any notion of
order but constrainedy the schemas predicatesModularity is facilitatedin Z by allowing schemas
to be includedwithin otherschemas.We canselecta statevariable,var, of a schemasdema by
writing schemavar.

To introducea type in Z, wherewe wish to abstractaway from the actualcontentof elements
of the type, we usethe notion of a givenset We write [NODE]| to representhe setof all nodes.If
we wish to statethat a variabletakes on somesetof valuesor an orderedpair of valueswe write
X : PNODEandx : NODE x NODE, respectiely.

A relationtype expressesomerelationshipbetweertwo existing types,knowvn asthe souceand
target types. Thetypeof arelationwith sourceX andtamgetY is P(X x Y). A relationis thereforea
setof orderedpairs. Whenno elementfrom the sourcetype canbe relatedto two or moreelements
from thetagettype,therelationis afunction A total function(—) is onefor which every elementn
thesourcesetis related while a partial function (-+) is onefor which notevery elemenin thesource
is related. A sequencégseq is a specialtype of function wherethe domainis the contiguoussetof
numbersrom 1 up to the numberof elementsn the sequenceFor example,thefirst relationbelov
definesafunctionbetweemodeswhile the secondiefinesa sequencef nodes.

Rell = {(n1,n2), (n2,n3), (n3,n2)}

Rek = {(2,n3), (3,n2),(1,n4)}

The domain(dom) of a relationor function compriseshoseelementsn the sourcesetthatare
related,andthe range (ran) compriseghoseelementdn the taiget setthatarerelated. In the exam-
plesabore, domRell = {n1,n2,n3}, ranRell = {n2,n3}, domRek = {1,2,3} andranReR =
{n2,n3, n4}.

Setsof elementscanbe definedusingsetcomprehensionkFor example,the following expression
denoteghe setof square®f naturalnumbergreaterthan10 : {x: N |x > 10 e x % x}.

Furtherdetailsof the Z notationwill be introducedasrequiredthroughthe courseof the paper
but the framework is alsopresentedn aninformal andintuitive fashion.A summaryof the notation
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Definitions and declarations

a,b
p,d
st

Sets
xXeA

%)

ACB
{XY,...}
(%)
Ax B
PA

P A
ANB
AUB
UA

#A

{d; e...|pex}

Relations
A~ B
domR
ranR

Rt

Identifiers
Predicates
Sequences
Expressions

Sets

Relations
Declarations
Abbreviateddefinition
Givenset

Freetypedeclaration

Logical conjunction
Logicalimplication
Universalquantification

Setmembership
Emptyset
Setinclusion

Setof elements
Orderedpair
Cartesiarproduct
Power set
Non-emptypower set
Setintersection
Setunion
Generalizedinion
Sizeof afinite set
Setcomprehension

Relation

Domainof arelation
Rangeof arelation
Transitive Closure

Functions
A+B Partial function
A—B Total function
Sequences
segA Setof finite sequences
Schemanotation
S
d Verticalschema
p
_d Axiomatic definition
p
S
T . .
d Schemadnclusion
p
__AS___
s Operationschema
S
Conventions
a Statecomponenbeforeoperation
a Statecomponengfteroperation
S Stateschemaeforeoperation
S Stateschemaafter operation
AS Changeof state(SA S)
= No changeof state

Figurel: Summaryof Z notationin the AgentFrameavork.




Autonomous
Agents

Agents

Objects
Environment

Figure2: The AgentHierarchy

to beusedis givenin Figurel. Foramorecompletetreatmenbf theZ languagetheinterestedeader
is referredto oneof the numerougexts, suchas[54, 61, 53]. Detailsof the formal semanticof Z are
givenin [56]. We will notconsidersuchissuedurtherin this paper

4 An Agent Framework

As discussedn somedetailabove, thereexist mary diversenotionsof ageng, andthereis a distinct
lack of consensuseverthemeaningof theterm. Thisis justthesortof problemthatthe constructiorof
aformal framework of thekind consideredn the previous sectioncanaddressin this sectionwe in-
troducethetermsandconceptghatareusedto explicateour understandingf agentsandautonomous
agentsandthendevelopedinto formal definitions.

Accordingto Shoham[22], anagentis ary entity to which mentalstatecanbe ascribed. Such
mentalstateconsistsof componentsuchas beliefs, capabilitiesand commitments put thereis no
uniquecorrectselectionof them. This is sensible andwe too do not demandthat all agentsneces-
sarily have the samesetof mentalcomponentsindeed,we recognisehe limitations associatedvith
assumingan ervironmentcomprisinghomogeneouagentsand consequentlyleliberatelydirect this
discussioratheterogeneousgentswith varyingcapabilities. However, in our framewvork we do spec-
ify whatis minimally required of anentity for it to beconsideredinagent.This approachs intended
to beencompassingndinclusive in providing away of relatingdifferentclasse®f agentratherthan
anattemptto excludethroughrigid definition.

Initially, we mustdescribethe ervironmentandthen,throughincreasinglydetaileddescription,
defineobjects,agentsandautonomousgentso provide anaccountof a generalagent-orientedys-
tem. Thedefinitionof ageny thatfollowsis intendedto subsumesxisting conceptsasfar aspossible.
In short, we proposea four-tiered hierarchycomprisingentities objects agents and autonomous
agents The basicideaunderlyingthis hierarchyis thatan environmentconsistsof entities,someof
which areobjects.Of this setof objects,someareagentsandof theseagentssomeareautonomous
agents.

Thesefour classesarethefundamentatomponentshatcompriseour view of theworld. Though
the choiceof autonomyasa fundamentatlistinguishingguality in this framevork maynot beimme-
diatelyobviousin thelight of the precedingdiscussionits importanceariseshroughthefunctionality
of goals.As we will seebelav, goalsdefineageng, andthe generatiorof goalsdefinesautonomyIn
this senseautonomyis not simply oneof mary possiblecharacterisingropertiesor qualities,but is



foundationalin its significanceandsenesasa platform on which otherpropertiescanbeimposed,
justasageng.

The specificationis structuredso that it reflectsour view of the world as shavn in the Venn
diagramof Figure 2. It mustbe built up in sucha way that, startingfrom a basicdescriptionof an
entity, eachsucceedinglefinition canbe a refinementof that previously described.In this way, an
objectis arefinemenbf anentity, anagentis arefinemenbf anobject,andanautonomouggents a
refinemenbof anagent.Accordingly the specificatioris thusstructurednto four parts.

Entity and Environment Themostabstractdescriptionwe provide is of anentity, whichis simply a
collectionof attributes.An ervironmentcanthenbe definedasa collectionof entities.

Object We canalsoconsiderbjectsin the ervironmentascollectionsof attributes,but we mayalso
give amoredetaileddescriptionof theseentitiesby describingtheir capabilities.The capabili-
ties of anobjectaredefinedby a setof actionprimitiveswhich cantheoreticallybe performed
by the objectin someervironmentand,consequentlychangethe stateof thatervironment.

Agent If we considerobjectsmoreclosely we candistinguishsomeobjectswhich areservingsome
purposeor, equally canbe attributedsomesetof goals. This thenbecome®ur definition of an
agent,namely an objectwith goals. With this increasedevel of detailin our descriptionwe
candefinethe greaterfunctionality of agentsover objects.

AutonomousAgent Refiningthis descriptiorfurtherenablesusto distinguisha subclas®of the pre-
viously definedclassof agentsasthoseagentshatareautonomousTheseautonomousgents
areself-motvatedagentsn the sensehatthey pursuetheir own agendasasopposedo func-
tioning underthe control of anotheragent. We thus definean autonomousigentasan agent
with motivationsand,in turn, shav how theseagentsbehae in a more sophisticatednanner
thannon-autonomouagents.

Justsucha structuredspecificationis facilitatedin the Z specificationlanguageby describinga
systematits highestevel of abstractiorwith furthercompleity beingaddedateachsuccessie lower
level of abstraction.An overview of the structureof our frameawork is givenin Figure3, wherethe
boxesrepresenschemasandthe arravs represenschemainclusion. Definitions of entity, object
agentandautonomousgentaregiven by Entity, Object Agentand AutonomousAent respectrely.
Thisshavs how we constructhe mostdetailedentity descriptionin theframework (of anautonomous
agentsituatedin an ervironment)from the leastdetaileddescription(of an entity). Moving from
the top of the figure to the bottom shavs how decreasindevels of abstractionare achiered in the
specification.

We define how objects,agentsand autonomousagentsact in an ervironmentin the schemas
ObjectAction AgentActionand AutonomousAgntActionrespectrely, andwe detail hov agentsand
autonomousgentperceve in anervironmentin AgentRerceptionand AutonomousAgntRerception
In a similar fashion,ObjectState AgentStateand AutonomousAgntStatedefinethe stateof objects,
agentsandautonomousgentsvhensituatedn anervironmentasdefinedby EnvironmentState

5 The Framework Specification

5.1 Entities and Environment

Beforeit is possibleo constructagentmodelst is necessarto definethebuilding blocksor primitives
from which thesemodelsarecreated Formally, theseprimitivesarespecifiedasgivensets.
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Figure3: Schemadnclusionin the AgentFramevork

First, we needto definethe attribute primitive. Attributesare simply featuresof the world, and
aretheonly characteristicshataremanifest.They neednotbe perceved by ary particularentity, but
mustbe potentiallypercevablein anomniscientsenseThis notionof afeatureallows anythingto be
includedsuchas,for example,thefactthatatreeis green,oris in apark,or is twentyfeettall. In this
senseattributescorrespondo propositionalfluentsratherthanfunctionfluentssuchasthe colour of
thetree.

Definition: An attributeis a percevablefeature.

In Z, the setof all attributes,or the attribute type,is definedasfollows.

[Attribute]

An entityis ary componentlescribedatthe very highestlevel of abstractionjust asa collections
of attributes. We do not carewhich attributesaregroupedtogetherto describea givenentity, or how
thatis achieved. We are only concernedvith beingableto describea collectionof attributesasa
singlecomponent.

Now, a stateschemacanbe constructedhat definesan entity. Very simply, anentity is a setof
attributeswith the constraintthat the setis non-empty (Making the constraintexplicit in this way
enableghe differencebetweerevelsof the hierarchyto be highlightedasclearlyaspossible.)

__Entity
attributes: P Attribute

attributes# @

Consideringheexampleof atea-cupijts attributesof thecupmaystatethatit is stable pblue,hard,
andsoon. Similarly, arobot’s attributesmay specifythatit is red,large, heary, andhasthreearms.
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An ervironmentis simply a setof attributesthatdescribeall thefeatureswithin thatervironment
thatarecurrentlytrue. For the purpose®f readability we defineanew type, Env, to bea (non-empty)
setof attributes.

Env == P, Attribute

Now, anentity mustbesituatedn anernvironment.Corversely anervironmentwill includeall the
entitieswithin it, andthisis formalisedin the EnvironmentStatechemaelov. Theervironmentstate
is representedby the env variableof type Env, which mustconsistof a non-emptysetof attributes,
andthe entitiesvariable,which refersto the setof entitiesin the ervironment. The last predicate
formalisesthe requirementhatthe sumof the attributesof the entitiesin anervironmentis a subset
of all theattributesof thatenvironment.

___ErnvironmentState
env: Erv
entities: P Entity

U{e: entitiese e.attributeg C erv

While it may be possibleto ernvisagescenariosvhereentitiesshareattributes,for simplicity we
take it to bethenormthatentitiesaredistinctelementswith distinctattributes.

5.2 Objects

An objectcanbedefinedatabasiclevel in termsof its abilitiesaswell asits attributes.In this sense,
anobjectis just an entity with the capacityto interactwith its ernvironment. This notion providesus
with thebasicbuilding block with which to develop our notionof ageng.

5.2.1 Object Specification

In orderto defineobjects,we needto introduceanotherprimitive, for anaction Actionscanchange
environmentsby addingor removing attributes. For examplethe action of a robot, responsiblefor

attachingtyresto carsin a factory moving from onewheelto the next, will deletethe attribute that
therobotis at the first wheelandaddthe attribute thatit is at the second. This is not dissimilarto

the notionsof addanddeletelist usedin STRIPS;this work is not intendedto addresghe semantic
difficulties of modellingactionsin this way, but to provide a simpleandinclusive representation.

Definition: An actionis a discreteeventthat canchangethe stateof the environmentwhenper
formed.

[Action
Again for the purpose®f readabilitywe definea new type, Actions to be a setof Actions.
Actions== P Action

Definition: An objectcomprisesa setof actionsanda setof attributes.

An objectin our modelthenis anentity to which we ascribenotion of a setof basiccapabilities.
In the schemabelaw, we introducecapabilities which is the setof actionsof the object,sometimes
referredto asthe competencef the object,andincludethe definition of anentity. An objectis thus
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arefinementof an entity andis definedby its ability in termsof its actions,andits configurationin
termsof its attributes,whichincludesreferenceso the body of the object,andis similarto the notion
usedby Goodwin[38]. The attributesof anobjectareaccessibldrom the ervironment(in the sense
thatthey canbeperceived, while the capabilitiesof an objectarenot.

The schemabelav formalisesthe definition of anobject. It hasa declaratre partcontainingthe
Entity schemaandthe capabilitiesvariable,aswell asa predicatepartthat specifieghatcapabilities
iS non-empty

__Object
Entity
capabilities: Actions

capabilities# @

As an exampleof an object,consideragainthe tyre-attachingobot, andassumehatit doesnot
have a power supply Sincetherobothasno power, its capabilitiesare severely limited andinclude
justthosewhich rely onits physicalpresencesuchassupportingthings,weighingthingsdown, and
soon. Similarly, the capabilitiesof the tea-cupinclude that it can supportthings andthatit can
containliquid. Oncetherobotis connectedo a power supplyit becomes newn objectwith increased
capabilitiesjncludingbeingableto fix tyresto a carandreportingdefectve ones.

Sincean objecthasactions,thesemay be performedin certainervironmentsthatwill be deter
mined by the stateof that ervironment. The behaiour of an objectcanthereforebe modelledasa
mappingfrom the ervironmentto a setof actionsthatarea subsebf its capabilities. This mapping
is known asthe action-selectiorfunction, which is definedin the ObjectActionschemabut applied
in the ObjectStateschema.ln this respectthe informationincludedin the Objectand ObjectAction
definitionsrelateto theintrinsic objectpropertiesandnot to its statewhich is only definedonceit is
placedin anenvironment,asbelow.

Thus, ObjectActionschemabelov formalisesthis view andrefinesthe Objectschemawhich is
includedin it. Theaction-selectiofunction,objectact determinesvhich setof actionsareperformed
next in agivenernvironmentandis definedasatotal function. Thatis, givenanervironment,it returns
a (possiblyempty) setof actions. The assertionn the predicatepart of the schemaconstrainghe
next actionsto be taken by the object (determinedoy applying objectac} to be within the objects
capabilities.

__ObjectAction
Object
objectact: Env — Actions

Verv: Env e (objectacterv) C capabilities

5.2.2 Object State

An objectmustbe situatedin an ervironment,which canbe usedto determinethoseactionsthat it
is to performnext. Differentstateswill give differentactionsas determinedby applicationof the
action-selectiorfiunction.

We definethe stateof an objectin its ervironmentin the ObjectStateschemawhich formalises
the stateof anobjectin anervironmentandincludesthe schemaepresentinghe stateof theerviron-
ment, ErvironmentStateandthe ObjectActionschema.This is equivalentto incorporatingall of the
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declarationgndpredicatesrom bothschemasThevariable willdo, specifiegshenext actionsthatthe
objectwill perform. It is redundansinceit is recoserablein exactly theway in which it is specified
by applyingthe objectactfunctionfrom the ObjectActiorschemao thecurrentervironment,env, and
is asubsebf the capabilitiesof the object.

__ObjectState
EnvironmentState
ObjectAction
willdo : Actions

willdo = objectacterv
willdo C capabilities

For example,the tyre-attachingobot, in a situationthatincludesholding a tyre, may nov have
willdo asa setof actionsto attachthetyreto thecar

5.2.3 Object Operation

Sofar, we have describedan objectandthe way in which its actionsareselected Next, we describe
how the performanceof theseactionsaffectsthe ervironmentin which the objectis situated.Those
variablesthat relateto the stateof the object(in particular its next actions)canchangewhile the
othervariablesthatare not concernedvith statebut with the nature of the objectitself (namely its
attributes,capabilitiesandaction-selectioriunction) remainunchangedlIf theselattervariablesever
did changethena new objectwould be instantiatedIn this view arobotwithout a powver supplyis a
differentobjectfrom arobotwith a power supply

The AObjectStateschemahavs how theseconstraintaareformalised.It specifieshata change
to the ObjectStateschemawill leave the ObjectActionschemainchangedy ‘=O0bjectAction which
stateghatnoneof thevariablesin it (andin schemasncludedin it suchasObjec) areaffectedby a
changeof state sothatattributes,capabilitiesandthe action-selectiorfiunctiondo not change.

AODbjectState
ObjectState
ObjectState
=ObjectAction

Now, whenactionsareperformedin anernvironment,we saythataninteraction takesplace. An
interactionchangeghe stateof the environmentby addingandremoving attributes.In our model,all
actionsresultin the samechangeo anervironmentwhethertaken by anobject,agentor autonomous
agent. The function that formaliseshow the ervironmentis affectedby actionsperformedwithin it
canthereforebe definedaxiomatically It mapsthe currentervironmentandthe performedactionsto
theresultingervironment.

\ intefect: Env — Actions—+ Env

This allows us to model an objectinteractingwith its ervironment. (In this paperwe restrict
out analysisto individual objectsand do not considermultiple interactingobjects. However, one
possibilityis to modelthemthroughinterlearing this kind of interaction.)Both the stateof the object
andtheervironmentchangeasspecifiedby the schemaDbjectinteacts Theresultingervironmentis
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determinedy applyinginteffectto the currentstateof the ervironmentandthe currentsetof actions.
In turn, this ervironmentthendetermineshenext setof actionsto beperformedoy applyingobjectact
again.

—_Objectintercts
AODbjectState

en/ = intefectenv willdo
willdo’ = objectacten/

5.3 Agents
5.3.1 Intr oduction

Therearemary dictionarydefinitionsfor anagent.WooldridgeandJenningq9] quotethe definition
of anagentas“one who, or thatwhich, exertspower or producesaneffect”! However, they omit the
secondsensaf agentwhichis givenas“one whoactsfor another...”. Thisisimportant,for it is not
theactingalonethatdefinesageny, but theactingfor someon@r somethinghatis defining.Indeed,
WooldridgeandJenningsacknavledgethedifficultiesin a purelyaction-basednalysisof ageng.

In our view agentsare just objectswith certaindispositions. Specifically we regard an object
asanagentif it is servingsomepurposé. They may alwaysbe agentsor they may revert to being
objectsin certaincircumstances-or the momentwe concentrat®n the natureof thedispositionthat
characteriseanagent.An objectis anagentf it senesa usefulpurposeeitherto adifferentagentor
toitself, in whichlattercasethe agentis autonomousSpecifically anagentis somethinghatsatisfies
agoalor setof goals(often of another).Thusif | wantto usesomeobjectfor my purposethenthat
objectbecomesny agent.In somecasesgoalsareactuallyadoptedoy computationahgentghathave
explicit goalrepresentationHowever, whendealingwith non-computationatntities,andentitiesthat
cannotrepresengoalsexplicitly, we canascribea goalto anentity, or we cananthropomorphisand
statethatthe entity hasadoptedthe goal.

5.3.2 Agent Specification

Beforedefiningagentswe mustfirst definegoals.A goaldescribes stateof affairsthatis desirable
in someway. For example,arobotmayhave thegoal of attachingatyreto acar

Definition: A goalis a stateof affairsto beachieredin theervironment.

We candefinegoalsto bejust (non-empty)setsof attributesthatdescribea stateof affairsin the
world.

Goal == P, Attribute

An agentcanthenbedefinedin termsof anobjectasfollows.

Definition: An agentis anobjectwith a non-emptysetof goals.

The formal descriptionof an agentis specifiedby the Agent schema. This refinesthe object
schemandconstrainghe setof goalsto be non-empty

1TheConciseOxford Dictionary of CurrentEnglish(7th edition), Oxford University Press1988.

2It may seemstrangeto consideran objectin differentways dependingon the view oneadopts,but this providesan
explicit representationf the relationshipbetweenone entity andanotherthatenablesa situationto be correctlyanalysed.
For example,a cupmay be viewedfrom oneperspectie asstoringteaandfrom anotherasactingasa paperweightThese
aredistinctandseparategentroles,andshouldbetreatedassuch.
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__Agent
Object
goals: P Goal

goals+ { }

Thusanagenthas,or is ascribed a setof goalsthatit retainsover ary instantiation(or lifetime).
Oneobjectmaygive riseto differentinstantiation®f agents. An agentis instantiatedrom anobject
in responséo anotheragent. Thusageng is transient andan objectthatbecomesnagentat some
time may subsequentlyevertto beinganobject.

Note, thatthis definition meanghatin the limiting case very simplenon-computationagntities
without perceptioncanbe agents.For example,a cupis anobject. We canregardit asanagentand
ascribeto it mentalstate,but it senesno useful purposeto do so without consideringthe circum-
stancesA cupis anagentif it is containingliquid andit is doingsoto someend. In otherwords, if
| fill acupwith tea,thenthe cupis my agent;it senesmy purpose Alternatively, the cupwould also
be anagentif it wereplacedupsidedown on a stackof papersandusedasa paperweight.lt would
notbeanagentf it werejustsitting on atablewithout servingary purposeo ary one.In this caseit
would beanobject. As this exampleshavs, we do notrequireanentity to beintelligentfor it to bean
agent.Clearly the exampleof the cupis counterintuitive andit is muchmoreintuitive to talk about
robots,but it is importantto realisethatany object,computationabr otherwise canbe anagentonce
it is servinga purpose.

Consideringhe robotexample,supposenow thatthe robothasa power supply If therobothas
no goal,thenit cannotuseits actuatorsn ary sensiblevay but only, perhapsijn arandomway, and
mustbe consideredin object. Alternatively, if therobothassomegoalor setof goalsthatallow it to
emplo its actuatorsn somedirectedway, suchaspicking up a cup, or fixing atyre ontoa car, then
it is anagent.Thegoalneednot be explicitly representedyut caninsteadoeimplicit in the hardware
or softwaredesignof therobot. It is merelynecessaryor thereto be a goal of somekind. Note that
it is neverthelesgossiblethatrandomactionsof a robot may satisfy somegoal of entertainmenor
distraction,in which casetherobotis consideredo beanagent.

Returningto theexampleof thecupasmy agent,it is clearthatnoteveryonewill know aboutthis
ageng. If, for example,| amin acafé andthereis a half-full cupof teaon my table,thereareseveral
views thatcanbetaken. It canberegardedby the waiterasanagentfor me, storingmy tea,or it can
beregardedasanobjectservingno purposeif thewaiterthinksit is not mine or thatl have finished.
Thewaiter’s view of the cupeitherasanobjector agentis relevantto whethermewill remove thecup
or leaveit atthetable.Notethatwe arenot suggestinghatthe cupactuallypossessesgoal,just that
thereis agoalthatit is satisfying.

Theseaxampleshighlighttherangeof behaiour thatis availablefrom agents Thetea-cups pas-
sive andhasgoalsimposeduponandascribedto it, while therobotis capableof actively manipulating
theervironmentby performingactionsdesignedo satisfyits goals.

5.3.3 Agent Perception

We now introduceperception An agentin anervironmentmayhave asetof perceptsvailable,which
arethepossibleattributesthatanagentcouldperceve, subjectto its capabilitiesandcurrentstate.We
referto theseasthe possibleperceptsof anagent. However, dueto limited resourcesan agentwill
not normally be ableto perceve all thoseattributespossible,andwill baseits actionson a subset,
whichwe call the actual perceptsof anagent.Indeed,someagentswill notbe ableto perceve atall.
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In the caseof a cup,for example,the setof possibleperceptswill be emptyandconsequentlyhe set
of actualperceptswill alsobe empty Therobot, however, may have several sensorghatallow it to
perceve. Thusit is notarequiremenbf anagentthatit is ableto perceve.

To distinguishbetweenrepresentationsf mentalmodelsand representationsf the actual en-
vironment,we definea type, View, to be the perceptionof an ervironmentby an agent. This has
an equvalenttypeto that of Environment but now we candistinguishbetweenphysicaland mental
component®f thesametype.

View == P, Attribute

It is alsoimportantto notethatit is only meaningfulfor usto considerperceptuahbilitiesin the
contet of goals. Thuswhenconsideringobjectswithout goals,perceptuabbilities arenot relevant.
Objectsrespondlirectly to their ervironmentsandmake no useof perceptsvenif they areavailable.
We saythatperceptuatapabilitiesareinert in the context of objects.

An agenthasa (possiblyempty)setof actionsthatenableit to perceve its world, andwhich we
call its perceivingactions The setof perceptshatan agentis potentially capableof perceving is
a function of the currentervironmentandthe agents perceving actions. Sinceagentsaretypically
resource-boundethey maynotbeableto perceve theentiresetof attributesandseleciasubsebased
on their currentgoals. For example,the distributed Multi-Agent Reasoningsystem(dMARS) [62],
may have a setof eventsthatit hasto processwhereeventscorrespondo ernvironmentalchange.
Eachof theseperceptss availableto theagentout becausef its limited resources mayonly beable
to procesneevent,andmustmale a selectiorbasednits goals.

Theperceptiorcapabilitiesof anagentaredefinedin the AgentRerceptionschemayhichincludes
the Agentschemandrefinest by introducingthreevariables.Thesetof perceving actionsis denoted
by peractions a subsebf the capabilitiesof anagentwhile the canpeceivefunction determineghe
attributesthatarepotentiallyavailableto anagentthroughits perceptiorcapabilities.Notice thatthis
functionis appliedto aphysicalervironment(in whichit is situated andreturnsamentalervironment.
The secondargumentof this schemas constrainedo be equalto peractions Finally, the function,
agpeceives describeghoseattributesactually perceved by an agentto deal with the problemof
resource-boundsy which anagentcannotnecessarilyperceve everythingand mustfocuson some
subsetccordingo its currentgoals,asmentionecabove. Thisfunctionis alwaysappliedto thegoals
of theagentand,in contrasto the previousfunction,takesa mentalervironmentandreturnsanother
mentalernvironment.

__AgentRerception
Agent
peractions: Actions
canpeceive: Env — Actions-+ View
agpeceives: P Goal — View — View

peractionsC capabilities
Verv: Env; as: Actionse
as € dom(canpeceiveen) =
as= peractions
domagpereives= {goals

Simplereflexive agentanalsobemodelledin thisway. For suchagentshowever, thegoalsmay
notberepresentedxplicitly butareimplicit in thestimulus-responsiles(or othersuchmechanisms)
thatdrive theagents.
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5.3.4 AgentAction

Now, ary agentcanbe viewed asan agent,objector entity. For example,| mayview arobotasan
entity if | amsolelyinterestedn its colour;this providesall the informationthat| requireandat the
sametime takeslessmodellingeffort. If, ontheotherhand,l wanttherobotto performataskfor me,
thenl mustmodelit at the agentlevel with goalsincluded. At the agentlevel of abstractiongoals
andperceptionsaswell asthe ervironmentcanbe viewed asdirectingbehaiour. This is specified
by the agentactfunction in the AgentActionschemabelow, which is dependenbn the goals, the
actualperception®f the agentandthe currentervironmentitself. Sincethe objectactfunctionis still
applicablefor modelling the agentsolely at the objectlevel, the ObjectActionschemais included.
Thefirst predicaterequiresthatagentactreturnsa setof actionswithin the agents capabilitieswhile
the last predicateconstraingts applicationto the agents goals. If thereareno perceptionsthenthe
action-selectiorfiunctionis dependenbnly ontheervironment,asit is with objectact

—_AgentAction
Agent
ObjectAction
agentact: P Goal — View — Env — P Action

Vg:PGoal v: View; erv: Enve
(agentactg v erv) C capabilities
domagentact= {goals

5.3.5 Agent State

Now, to describean agentwith capabilitiesandbehaiours for perceptionand action situatedin an
ervironment, we include the two schemagreviously definedfor actionand perceptionaswell as
the schemadefining the agentas a situatedobject. The AgentStateschema,which formalisesan
agentsituatedin an ervironment,thereforeincludesthe schemas\gentAction AgentRerceptionand
ObjectState In addition,sincethe attributesof the environmentarenow accessibleit is possibleto

specifythe possibleperceptsandactual perceptsof the agent. Theseare denotedby the variables,
posspereptsandpercepts which arecalculatedusingthe canpeceiveandagperceivesfunctionsre-

spectvely.

—_AgentState
AgentRerception
AgentAction
ObjectState
posspetepts percepts: View

perceptsC possperepts

possperepts= canpeceiveerv peractions
percepts= agperceivesgoalspossperepts
peractions= { } = possperepts= { }
willdo = agentactgoalsperceptsenv

Consideragaintherobotagentandthe cupagentwhich areattachingtyresandstoringtearespec-
tively. Now, supposehattherobotalsohasperceptuatapabilitiesthatallow it to perceve attributes
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in its ervironment. Potentially asa consequencef its currentenvironmentthe robot may be able
to perceve a multitude of attributesincluding thatthe caris red, atyre is flat, the cardooris open,
andso on. Again, however, dueto limited perceptuabind processingabilities, andto the goal of
attachingtyres,the actualperceptof therobotmayonly includethatthetyreis flat andnot therela-
tively insignificantattribute of the carbeingred. The cupagent,on the otherhand,hasno perceving
capabilitiesandconsequentlyo possibleor actualpercepts.

Sincegoalsarefixedfor any agentchangeso theactualperceptof anagentaffectits selectiorof
actions.An agentwithout perceptiongloesnot thereforehave ary increasedunctionality asa result
of having goals,but the behaiour of anagentwithout perceptionsanstill be viewed andmodelled
in termsof goalsaffectingits actionselection.

5.3.6 Agent Operation

Operationscharacterisingagentbehaiour are constrainedo affect only certainaspects. The at-
tributes,capabilities goals,perceptuatapabilities andactionandperceptiorselectionfunctionsare
unchangedy ary operation.If ary of thesevariableschangea new agentis instantiated.The only
variableghatmaychangearenecessarilyssociatedvith thestateof theagentsuchasits situationand
possibleandactualpercepts.Theseconstraintsareformalisedin the AAgent schemawhich defines
a changein agentstate. It includesAObjectStatdo ensurethat only the statepropertiesof objects
changeand,in addition,thatvariablesincludedin the AgentActionand AgentRerceptionschemasre
unaltered.

__AAgentState
AgentState
AgentState
AODbjectState
=AgentAction
EAgentRerception

Whenanagentactsin anervironment,the environmentchangesccordingto the specificactions
performed. This doesnot dependon whetherthe entity is an objector an agent. Thusthe schema
describingobjectinteractionis still directly applicable.Formally, the Agentinteactsschemancludes
Objectinteactsandaffectsthe stateof anagentasspecifiedby AAgentState Thethreepredicate of
this schemashaw explicitly how theschemavariablesareupdated.

__Agentinteacts
AAgentState
Objectintencts

posspecept$ = canpeceiveen/ peractions
percept$ = agperceivesgoalsposspecepts
willdo’ = agentactgoalspercepts$ en/

5.4 Autonomy
5.4.1 Intr oduction
The definition of ageng developedso far relies uponthe existenceof otheragentsto provide the

goalsthatareadoptedvhenanagents instantiatedIn orderto groundthis chainof goaladoption to
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escapevhatcouldbe aninfinite regress,andalsoto bring out the notion of autonomywe introduce
motivation

Groundingthe hierarchiesof goaladoptiondemandghatwe have someagentshatcangenerate
their own goals. Theseagentsare autonomousincethey are not dependenbn the goalsof others,
and possesgyoalsthat are geneated within ratherthan adoptedfrom other agents. Suchgoalsare
generatedrom motivations higherlevel non-denative componentsharacterisinghe natureof the
agent,but which arerelatedto goals. Motivationsare,however, qualitatively differentfrom goalsin
thatthey arenotdescribabletatesof affairsin theenvironment.For example,consideithe motivation
greed This doesnot specify a stateof affairs to be achiered, nor is it describablén termsof the
environment,but it may (if othermotivationspermit) give rise to the generationof a goalto rob a
bank. The distinctionbetweenthe motivation of greedandthe goal of robbinga bankis cleat with
theformerproviding areasorto do the latter, andthelatter specifyingwhatmustbe doné.

A motivatedagent is thusan agentthat pursuedts own agenddor reasoningand behaiour in
accordancevith its internal motivation. Sincemotivationsgroundthe goal-generatiomegress,we
claim that motivation is critical in achiezing autonomy An autonomousgent mustbe a motivated
agent.

Although it draws on Kundas work on motivation in psychology[63], the definition usedfor
motivationabove expressedts role but doesnottie usto ary particularimplementationindeed there
areseveral views asto exactly how the role of motivation asdefinedherecan be fulfilled. Simon,
for example,takes motivation to be “that which controlsattentionat arny giventime;” andexplores
therelationof motivationto information-processg behaiour, but from a cognitve perspectie [64].
More recently Slomanhaselaboratedon Simons work, shaving how motivationsare relevant to
emotionsandthedevelopmenbf acomputationatheoryof mind[65, 66]. Somehave usedmotivation
andrelatednotionssuchasmotiveg67], andconcerng68], in developingcomputationaérchitectures
for autonomousgentswhile othershave amguedfor an approachbasedon rationality thatrelieson
utility theory[69].

In this framavork, we take a neutralstanceon suchdetail by specifyingmotivationasagivenset
omitting ary furtherinformation. This allows usto usetheconcepbf distinctandpossiblyconflicting
motivationsinfluencingthebehaiour of theagent but alsodefersthe choiceof theactualmechanism
to asubsequenpoint of refinemenbor implementationMoreover, whilst othershave beenconcerned
with modellingmotivation[68, 67], our work is concernedvith its usein definingautonomy

5.4.2 AutonomousAgent Specification

We bagin our specificatiorof autonomousigentsoy introducingmotivations

Definition: A motivationis ary desireor preferenceahatcanleadto the generatiorandadoption
of goalsandthat affectsthe outcomeof the reasoningor behaioural taskintendedto satisfythose
goals.

As with actionsandattributes,the type of all motivationsis definedasagivenset.

[Motivation

%In fact, the distinctionbetweengoalsand motivationsdependn the level at which the environmentis modelledand
specificallyhow attributesarerepresented-or example,if “having moremoney thanaryoneelse”canberepresentedsan
attribute, thenit canbea goal,otherwiseit is amotivation. However, incorporatingcoo muchdetailatthelevel of attributes
doesnot provide a naturalway of modelling, and omitting the overarchingconceptof motivation obscuresanimportant
conceptuatlistinction. Of morepracticalconcernis thatit alsodoesnot enablegoaladoptionto be groundedasdescribed
above.
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Tablel: Example:Descriptionsof a RobotandCupin the AgentFrameavork

| Schema | Variable | Tea— Cup | Robot |
Entity attributes | {stablehard,...} | {red large, heavy...}
Object capabilities| {supportstor, ...} | {lift,carry,hold, ...}
Agent goals {store_tea} {fix_tyres charge, . . .}
AutonomousAent | motivations| { } {achievementhuneer, ...}

An autonomousigentmay now be defined.
Definition: An autonomousgentis anagentwith a non-emptysetof motivations.
It is specifiedsimply asanagentwith motivations.

__ AutonomousAgnt
Agent
mots: P Motivation

mots# { }

In illustrationof theseideas notethatthe cup cannotbe considerecdautonomoudecausewhile it
canhave goalsascribedo it, it cannotgenerateits own goals.In thisrespecit relieson otherentities
for purposefulexistence.Therobot, however, is potentiallyautonomousn the sensahatit may have
amechanisnior internalgoalgeneration Supposehe robothasmotivationsof achiezementhunger
andself-preseration, whereachieazementis relatedto attachingtyresontoa caron a productionline,
hungeris relatedto maintainingpower levels, and self-preseration is relatedto avoiding system
breakdavns. In normaloperationtherobotwill generateyoalsto attachtyresto carsthroughaseries
of subgoals.If its power levels arelow, however, it may replacethe goal of attachingtyreswith a
newly-generatedjoalof rechagingits batteries A third possibilityis thatin satisfyingits achiezement
motivation, it worksfor toolong andis in dangerof overheatingln this casetherobotcangenerata
goalof pausingor anappropriatgeriodin orderto avoid ary damageo its componentsSucharobot
is autonomoudecausets goalsare not imposed,but are generatedn responseo its ervironment.
Theviews of the cupandrobotin termsof the agenthierarchyareshavn in Table1, which provides
exampleinstantiationof the differentrequirementgor eachlevel

5.4.3 AutonomousAgent Perception

With autonomousgentstherefore,it is both goalsand motivationsthat arerelevantto determining
whatis percevedin anervironment. The schemaelav thusspecifiesa modifiedversionof the non-
autonomousggents agperceivedunctionasperceives Thatwhichanautonomousgents potentially
capableof perceving at ary time is independenbf its motivations. Indeed,it will alwaysbeinde-
pendenbf goalsandmotivations,andthereis consequentlyio equivalentincreasen functionalityto
canpeceive

4Accordingto our definition anautonomousgentis an objectwhich hasboth motivationsand goals. However, it may
be possibleto designmotivatedautonomousgentswhich, during momentsof inactivity, do not have a currentgoal. For
suchentitiesto be describedtonsistentlywithin our framework it would be necessaryo introducea ‘null goal” sothatthey
maintaintheir agentness
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___AutonomousAgntRerception
AutonomousAent
AgentRerception
perceives: P Motivation — P Goal

— Env — View

domperceives= {motg

5.4.4 AutonomousAgent Action

An autonomousigenwill have somepotentialmeansf evaluatingbehaiour in termsof theerviron-
mentandits motivations.In otherwords,thebehaiour of theagents determinedy bothexternaland
internalfactors.Thisis qualitatively differentfrom anagenthatmerelyhasgoalsbecausenotivations
arenon-denvative andgovernedby internalinaccessibleules,while goalsarederivative but relateto
motivations. Specifically the action-selectioriunctionfor anautonomousgentis producedat every
instanceby the motivationsof the agent. The next schemadefinesthe action-selectioriunction, act

andincludesthe AgentActionandAutonomousAgntschemasThedomainof theactfunctionis equal
to the motivationsof theagent.

___ AutonomousAgntAction
AutonomousAent
AgentAction
act: P Motivation— P Goal

— MView — Env — Actions

domact = {mots

5.4.5 AutonomousAgent State

In exactly the sameway thatthe stateof anagentis definedby refiningthe definitionof the stateof an
object,the stateof anautonomousigentis definedusingthe stateof anagent.Theactionsperformed
by anautonomousgentarea function of its motivations,goals,perceptsandervironment.

___ AutonomousAgntState
AgentState
AutonomousAgntRerception
AutonomousAgntAction

willdo = act motsgoalsperceptsenv

5.4.6 AutonomousAgent Operations

In consideringthe definition of a changein statefor an autonomousagent,there are somesubtle
but importantdifferenceswith previous schemasWhereagreviously goalswerefixedfor agentsas
capabilitieswerefor objects we do not explicitly statewhethemotivationschangewvhenactionsare
performed.If they do changethenthe agentfunctions,agperceivesandagentact will alsochange.
If they do not changemotivationsmay generatenew anddifferentgoalsfor the agentto pursue.in

ary of thesecasesthe characterisindgeaturesof anagentarein flux sothatanautonomousgentcan

22



beregardedasa continuallyre-instantiatesghon-autonomouagent.In this senseautonomousgents
are permanentlyagentsas opposedo transientnon-autonomousgentswhich may revert to being
objects.

— AAutonomousAentState
AutonomousAgntState
AutonomousAentState

AAgentState
perceive$ = perceives
act = act

Finally, we specify the operationof an autonomousagentperformingits next setof actions,a
refinemenof the Agentinteactsschema.

— AutonomousAgntinteacts
AAutonomousAgntState
Agentinteacts

posspecept$ = canpeceiveen/ peractions
percept$ = perceivesmot$ goald possperepts
willdo’ = act mot$ goald percepts$ en/

6 Consequencesfthe Agent Hierarchy

Theagenthierarchyspecifiedabove is sufiicient for satisfyingthefirst requiremenbdf formal frame-
works identifiedearlier It providesunambiguouslefinitionsanddescriptionf differentclassesf
entity in an elegantandreadablevay, makingclearthe particularidentifying featuresof eachclass.
Within this framevork, we canfurtherrefineour conceptgo develop moreconcretenstancef dif-
ferenttypesof agent,correspondingpothto existing agentcateyories,andto new catgyoriesthatmay
be usefulandinteresting.We canthusconsiderhow the framavork impactson existing notionsand
classe®f agentandwhatconsequencesisefrom thedefinitions. This sectionaddressesuchissues,
focusingin particularon the agentclassdescriptiongprovided by [70] and[71].

6.1 Reflexive Agents

An agentis saidto bereflexive[70] or tropistic[71] if it respond®nly to animmediatestimulus.Thus
aparticularperceptiorof theenvironmentdictateswvhich next actiontheagenwill choosdo perform.
This kind of agentis often viewed asan agentwithout goals,but thatis an over-simplification. Any
agentwill bedesignedvith someoverall goal,evenif thegoalitself is not explicitly encodedThisis
important,for it underliesour definition of ageng. Therelevantfeatureof reflexivity is thatit hasno
internalstaterepresentingry prior informationaboutthe ernvironment.As such,thisfits in well with
thedefinition provided above andspecifiedn the AgentandAgentActschemas.

6.2 Store Agents

Suchagentsare, however, extremelylimited sincewithout their experiencecannotdirect behaiour.
In orderto modeltheir ervironmentsor to evaluatecompetingplans,agentamustbe ableto capture
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andstoreinformationasinternalstate. To specifyan agentwith suchinternalstate,or store, we can
simply refinethe Agent schemaby addinga collectionof attributesasmemory The scheméabelow
definesagentswith theability to accessuchaninternalstoreof attributesor memoryasa store agent
Noticethatthetypeof a storeis Env which, whenaccessedyroducegperceptionof type View.

__ StoeAgent
Agent
store: Env

store # {}

Now, sincethereis both an external ervironmentanda memory it is necessaryo distinguish
betweeninternal and external perceving actions,where internal actionscan accesghe store,and
externalperceving actionsaccesshe externalervironment. We thereforerefinethe definition of the
canpeceivefunctionat theagentlevel into two distinctfunctionsatthe store-agenievel.

In definingperceptionStoreAgentRerceptionincludesAgentRerceptionandStoreAgent, with intperactions

andextpeiactionsreferringto theexternalandinternalperceving actionsrespectiely. Thestorecanpeceive
functiondetermineshesetof perceptionshatcanbecurrentlygeneratedrom its internalstore while
extcanpeceivedetermineghoseperceptgossiblefrom the externalervironment. The internalper
ceving actionsmust be non-emptysince otherwisethe store cannotbe accessedand the internal
and external perceving actionsare disjoint and togethercomprisethe setof all perceving actions.
Note thatthe perceptghatthe agentactuallyselectsmake up a subsebf the availableattributesand
aredependenbn the goalsof the agentasdefinedpreviously. Thusthe perceivefunctionfrom the
AgentRerceptionschemais still applicable,sincethe storeis carriedthroughpossibleperceptsand
actualperceptgo theaction-selectioriunction,agentact

__StoeAgentRerception
StoeAgent
AgentRerception
intactions extactions : P Action
storepeceive: Env — Actions—+ View
extperceive: Env — Actions—+ View

intactions# { }

intactionsU extactions= peractions
intactionsn extactions= { }
domstorepeceive= {store}

__StoeAgentAction
StoeAgent
AgentAction

In this way, we specifyagentshataresimilar in spirit to the hysteetic agentsof Geneseretland
Nilsson[71], andthereflex agentswith internal stateof RussellandNorvig [70].

6.3 Agent Properties

Now, if we considerthe broad characteristicseviewed in the introductionthat are often cited as
qualitiesof agentswe canseehow they fit in with theframevork. Thesequalitiesaresummarisedn
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| Property | Agent Type |
reactvity Agent
pro-actveness (Planning)Agent
autonomy AutonomousAgent
rationality AutonomousAgent
ben&olence Non-autonomouggent
veracity Non-autonomouggent
temporalcontinuity Notrequired
personality Notrequired
adaptability Notrequired
mobility Notrequired
communicationsocialability | Notrequired

Table2: Characteristi@gentproperties.

Table2, andeachwill beaddressedh turn. Notethateachis aspecialisatiorof our basicagent.First,
reactvity hasbeendefinedasthe ability to perceve andto respondo a changingervironment. This
is alwaystrue, sinceaction-selectionn all of our entitiesis a function of the ervironmentat every
point. Reactvity is alesspureversionof reflexivity [38], but thetwo areoftentakento bethe same,
andwe will not pursuefurthera discussiorof the relative qualitiesof themhere. Pro-actvenesspy
which an agentbehaesin a goal-directedashion,is a directconsequencef the framework, but is
moreusuallyconsideredn relationto planning,andis strengtheneavith autonomy discussedext,
in allowing anagentto generatets own goals.

The third property autonomy is relatively straightforvard in thatit is definedexplicitly asone
level in the agenthierarchy An autonomousagentis definedby its motivationswhich provide a
meangor self generatiorof goals.Rationalityis alittle lessexplicit, but arisesout of the motivations
of the agent. Remembethatthe detailsof the motivationsare not specified,andthata motivational
mechanisntanbe constructedn ary suitableway. Whatezer mechanisnis adoptedhowever, goals
aregeneratedo mitigatemotivationsin anessentiallyationalmanner For example motivationmight
amountto ameasuref utility, in which caserationality canbe definedin termsof maximisingutility.
Thekey pointis thatthis notion of motivation providesconstraintdhatguaranteeationalbehaiour.
(For furtherdiscussiorof thisissue see[67] or [72], for example.)

The propertyof benaolence— thatagentswill cooperatavith otheragentsvhenaer andwher
ever possible— is moreinteresting.Blind bene&olencehasno placein modellingautonomouggents
for whom cooperatiorwill occuronly whenit is considerecadwvantageousn termsof motivationsto
do so. More generally ben&olent behaiour is possible but will only arisein satisfyinga ‘selfish’
motivation. For example,giving to charity arisesout of someinternaldrive suchasto help othersor
have a goodself-image;theseareselfishin thatthey satisfyinternalneedsout areben&olentin that
they helpothers.A non-autonomouagent,howvever, canbe ben&olentin thatit is instantiatedvith
a particularsetof goalsthatdo not changefor the durationof the instantiation.It doesnot generate
goalsin responséo motivations,andcanthereforebe designedor beneolentbehaiour. Thecritical
aspecof blind beneolenceis thatit is diametricallyopposedo the conceptof autonomy Veracity
or notknowingly providing falseinformation,canbe seemasbeingrelatedto beneolencein thatit is
not, andcannotbe,guaranteedor anautonomousgentfor the samereasonsbut canarisenaturally

The remainingpropertiesare all lesscontentiousand dependon the designof the agentor au-
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tonomousagent. Thatis to saythat they do not impact, or relateto, the hierarchyin ary signif-
icant ways, but can be addedon to the basicentitiesdescribedthereinthroughrefinement. Other
suchrefinementsare also possible leadingto specificationof knowledg-level agentsand stepped
knowledg-level agents[71], for example. Thesecan be constructedn a similar fashion,and we
will not considerthem further here. The next sectiondoes,however addresghe particularcaseof
delibemtive or planning agentswhich are especiallysignificantin artificial intelligencefor achies-
ing the successfutompletionof complicatedasks,aswell asconsideringsociologicalagentswvhich
constructmodelsof othersandshaving how relationshipdefinitionscanbe constructed.

7 A Foundation for Further Work

As aresultof this specificationwe have formal definitionsfor agentsandautonomousigentghatare
clear preciseandunambiguoushut which do notspecifya prescribednternalarchitecturdor ageny
andautonomy This is exactly right, sinceit allows a variety of differentarchitecturaland design
views to beaccommodatedithin a singleunifying structure All thatis requiredby our specification
is aminimal adherenceo featuresof, andrelationshipdbetweenthe entitiesdescribedherein. Thus
we allow a cupto beviewedasan objector anagentdependingon the mannerin which it functions
or is used. Similarly, we allow arobotto be viewed asan object,an agentor an autonomousgent
dependingn the natureof its controlstructuresWe do not specifyherehow thosecontrol structures
shouldfunction, but insteadhow the controlis directed.

Moreover, the framewvork describedandspecifiedhereis not only intendedto standby itself, but
alsoto provide abasdor furtherdevelopmenbf agentarchitecturesandagentheoryin anincremental
fashionthroughrefinementand schemainclusion. In this contet, the framavork hasbeenfurther
developedto incorporatefor example,notionsof planning,agentmodellingandcooperationA very
brief descriptionof eachfollows.

7.1 Planning

We can easily refine the componentswithin the framework to provide, for example, a high level
specificationof a planningagent,which deliberatesover sequencesf actionsthat can achiee a
desiredgoal.
As a simple exampleof the way typescanbe constructedusingonly the four given setsaspre-
sentedn theframeavork, we canbuild adefinitionof a planfrom our Actiontype asfollows.
First, we definea completeplan to bea sequencef actions.

TotalPlan == segAction

If theactionsin aplanarenot completelyorderedthenthatplanis a partial plan. A partialplan
thusconsistsof somepartial orderingon a setof actionsasshavn belowv. However, anactioncannot
occurbeforeitself in a partialplan,andif anactiona occursbeforeactionb, thenb cannotbe before
a. Thenotation,R™, denotegheirreflexive-transitve closureof R.

PartialPlan ==
{ps: Action <+ Action |
Va,b: Actione (a,a) & pst A
(a,b) € ps" = (b,a) ¢ ps" e ps}

A plan,Plan, is eitheratotal planor partial plan. (Othertypesof plancanbe specifiedsimilarly.)
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Plan ::= Partial (PartialPlan))
| Total((TotalPlan)

Now, considerthe next schemawhich describesow a planningagentcanbe definedasa refine-
mentof a basicagentby using schemainclusion. A planningagentis an agentwith a setof plans
associatedvith a setof goals,whereeachplanis a possiblemeansof bringing aboutthe associated
goal. A subsebf thesegoalsarethosethe agentcurrentlydesirestheremay alsobe plansfor a goal
theagentdoesnot currentlydesire.

Theschemastateghatall the plansof anagentmustbeassociateavith agoal,althoughit maybe
thatthe setof plansassociateavith agoalis theemptyset.Clearly aplanmayalsobring aboutmore
thanonegoal of the planningagent.

—PlanningAgnt
Agent

Plans: PPlan
planforgoal : Goal -+ P Plan

goalsC domplanforgoal
U(ranplanforgoal) = Plans

Thisrelatively straightforvard refinemenof thebasicagentmodelshavs how moresophisticated
capabilitiescanbe addedto the framework to arrive at descriptionsof morespecificagents.indeed,
suchdefinitionshave beenusedto specifyarchitecturesor BDI agentq62, 73], for example.

7.2 Cooperation

In a similar way we can investigateissuesof multi-agentsystemssuchas the social relationships
betweermgentsFor example two autonomousigentsaresaidto becoopeating with respecto some
goalif oneof the agentshasadoptedyoalsof the other Thatis to saythattheterm coopeation can
be usedonly whenthoseinvolved are autonomousind, at leastpotentially capableof resisting. If
they arenotautonomousnor capableof resisting thenonesimply engajesthe other Thedifference
betweerengagemerdndcooperatioris in the autonomyor non-autonomyf the entitiesinvolved. It
is senselesgpr example,to considera terminalcooperatingvith its user but meaningfulto consider
theuserengagingheterminal. Similarly, while it is notinconcevablefor auserto engageasecretary
it makes bettersenseto saythat the secretaryis cooperatingwith the user sincethe secretarycan
withdraw assistancatary point.

A coopeation describesa goal, the autonomousagentthat generatedhe goal, and thoseau-
tonomousagentsvho have adoptedhatgoalfrom thegeneratingagentasa consequencef recognis-
ing it in thatagent.In this view, cooperatiorcannotoccurunwittingly betweeragentsput mustarise
asa resultof the motivationsof both of theindividualsinvolved. The definition of anengajementis
definedin a similarfashion.

27



___Coopeation
goal: Goal
genagent: AutonomousAent
coopaents: P AutonomousAgnt

F#coopgents> 1
V¢ : coopaentse goal € c.goals
goal € genagentgoals

Detailsof the refinemenf the framevork to addressooperatiorandotherrelationshipcanbe
foundin [72, 74, 75]. Thisworkis particularlyilluminating, becauséheseelationshipsarisenaturally
out of a formal specification,basedon our frameavork, of an archetypaldistributed Al system,the
ContractNet Protocol[76, 77]. Thus,thelink betweertheoreticatonstructandsystemdescriptions,
whenstructuredwithin the framevork presentedhere,is naturalandelegant[78 79] andcanbe used
to provide abasisfor morerefineddescription®f autonomougnteraction[8(.

7.3 Agent Modelling

Theframawork is suitablefor reasonindgothaboutentitiesin theworld, andwith entitiesin theworld.
Thatis to saythatan agentitself canalsousethe entity hierarchyasa basisfor reasoningaboutthe
functionality of otheragentsandthelik elihood,for example thatthey mayor maynotbe predisposed
to helpin the completionof certaintasks. Thuswe candescribeagentswho are ableto modelthe
agentsthey believe arein their world. Eventhoughthe typesof theseconstructsare equivalentto
thosepresentedn the framawork, it usefulto distinguishphysicalconstructdrom mentalconstructs
suchasmodels,asit providesa conceptuahid. For example,we canusethe definition of anagentto
defineanagents modelof anotheragent.andsimilarly for modelsof cooperation.

AgentModel== Agent
CoopModel== Coopeation

It is then possibleto describeagentswho canmodelotheragentsin their environmentand, for
sufiiciently advancedagents,the autonomyof others. Indeedthe sophisticationof agentscan be
furtherincreasedo definesociol@ical agentsasthosewith the ability not only to modelthe objects,
agentsandautonomousgentsn their world but alsothe socialrelationshipshetweenthemsuchas
cooperatiorandengagemendescribedabore. Specifyingsuchanagentis thenjust a refinementof
the agentschemausingthe frameavork schemasstypeswithin this lower-level definition. The full
definitionis omittedhere.

SociolgicalAgent
Agent
agentmodels P AgentModel
coopmodels P CoopModel

The schemaganbe extendedin this way for moreand more sophisticatecdigentssuchasthose
ableto modelthe plansof otheragentsandso on. In this way the agenthierarchyfulfils the sec-
ondrequiremenbf formal framevorks asdiscussedn Section3.2in providing a foundationfor the
subsequendevelopmeniof moredetailedandsophisticatedonstructs.
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8 Conclusions

Thereexists a small body of work that providesa similar view to that presentedere. For example,
Covrigaru and Lindsay describea setof propertiesthat characteriseautonomousystemso some
“degree”, relatingto suchfactorsastype and numberof goals,compl«ity, interaction,robustness,
andsoon [81]. In contrast,we definewhat is necessaryor a systemto be autonomousn very
preciseterms,andwe distinguishclearly betweenobjectnessageng andautonomy One particular
consequencef thedifferencen viewsis thatwe allow arock, for example,to beconsideredinagent
if it is beingusedfor somepurpose suchasa hammerfor tent-pgs. Covrigaru and Lindsaydery
therock the quality of autonomybecausét is not goal-directedput ignorethe possibility of ageng,
skippingover animportantpartof our framevork. Otherwork includesthatby Tokoro who offersa
relatedview in which hedistinguishebjects,concurrenbbjects,autonomousgentsandvolitional
agentssimilarin spirit to our own view [82]. In addition,Castelfranchalsocharacteriseautonomy
throughthe useof motivation [83]. Our work differsin that we take autonomyto be an absolute
conceptwhichis constantegardlesf thecontet in whichit occurs.It eitherexistsor it doesnot.

We have constructedh formal specificationwhich identifiesand characterisethoseentitiesthat
are called agentsand autonomousgents. The work is not basedon ary existing classificationsor
notionsbecausehereis no consensuskRecentpapergdefineagentsan wildly differentways,if atall,
andthis makesit extremelydifficult to be explicit abouttheir natureandfunctionality

The taxonomydescribedby the framavork satisfieseachof the requirementsdentifiedin the
introduction,demonstrateaver the courseof the paper First, it providesclearand precisedefini-
tionsfor objects,agentsandautonomousgentshatallow a betterunderstanding@f the functionality
of differentsystems.It explicatesthosefactorsthat are necessaryor ageng andautonomy andis
sufiiciently abstracto cover the gamutof agentspboth hardware and software, intelligentandunin-
telligent,andsoon. This abstractiorallows the framework to satisfythe remainingrequirementsthe
secondof which demandghatit providesa foundationfor subsequentdevelopmentof morerefined
conceptsTheprevioussectionhasshovn how theframevork canbeusedin justsuchaway. Finally,
it mustalsoenablealternatve designsto be explicitly presentedcomparedandevaluated,andthis,
too, hasbeenbriefly shavn in the previous sectionsby comparingdifferentqualitiesof agents,and
thenminimally specifyingrelateddesigns.

Z hasthusenabledisto produceaspecificatiorthatis generallyaccessibléo researchens Al and
softwareengineersaswell aspractitionersof formal methods.Throughthe useof schemanclusion,
we areableto describeour framework at the highestlevel of abstractiorandthen, by incrementally
increasinghedetailin thespecificationye addsystemcompleity atappropriatdevels. Ouruseof Z
doesnotrestrictusto ary particularmathematicamodel,but insteadprovidesageneramathematical
framework within which differentmodels andevenparticularsystemscanbedefinedandcontrasted.

In particular thenatureof Z allows usto extendtheframevork andto refineit furtherto includea
morevariedandmoreinclusive setof conceptsTheexamplesof planningmodelsandcooperatiorwe
have presentedoutline how the original framevork wasextendedthroughnenv schemasndschema
inclusion,andindicatebothhow we intendto proceedn thisrespectandalsohow appropriateZ is for
thistask. It enablesa practitionerto choosethe level of detail requiredto presenta particulardesign
and,furthermore providesan ervironmentin which the designitself canbe presentedn increasing
levels of detail.
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