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Abstract

Whilst therehasbeenan explosion of interestin multi-agentsystemsthereare still mary
problemsthatmay have a potentiallydeleteriousmpacton the progresof thearea. Theseprob-
lemshavearisenprimarily throughthelack of acommonstructureandlanguagéor understanding
multi-agentsystemsandwith which to organiseandpursueresearchn this area.In response¢o
this, previous work hasbeenconcernedvith developinga computationaformal framework for
ageng andautonomywhich, we argue,providesan ernvironmentin which to develop, evaluate,
andcomparesystemsandtheoriesof multi-agentsystemslIn this paperwe go someway towards
justifying theseclaimsby reviewing the framavork and shaving what we canachiese within it
by developingmodelsof agentdimensionscateyorisingkey interagentrelationshipsaandby ap-
plying it to evaluateexisting multi-agentsystemsn a coherentcomputationamodel. We outline
the benefitsof specifyingeachof the systemswithin theframewnork andconsidetow it allowsus
to unify differentsystemsandapproacheg general.

1 Intr oduction

In recentyearstherehasbeenanexplosionof interestin agentsandmulti-agentsystemsThis hasnot
only beenin artificial intelligencebut in otherareasof computersciencesuchasinformationretrieval
and software engineering. Indeed,thereis now a plethoraof differentlabelsfor agentsincluding
autonomousgents[32], softwae agents[22], intelligent agents[59], interfaceagents[37], virtual
agents[1], information agents[35], mobile agents[57], andso on. The diverserangeof applica-
tionsfor which agentsarebeingtoutedincludeoperatingsystemsnterfaceg21], processingatellite
imagingdata[54], electricity distribution managemeni31], air-traffic control [34] businesgrocess
managemenf29], electroniccommerceg26] and computergames[25], to namea few. Moreover,
significantcommercialndindustrialresearclanddevelopmentefforts have beenundervay for some
time[9, 11,44, 45], andaresetto grow further

However, thefield of agentsandmulti-agentsystemss still relatively young,andtherearemary
problemsthatmay have a potentiallydeleteriousmpacton the progresf the area. Theseproblems
have arisenprimarily throughthe lack of a commonstructureandlanguagefor understandingnulti-
agentsystemsandwith whichto organiseandpursueresearchn multi-agentsystemslt is, therefore,
importantto ensurethatary suchstructuresve generateareaccessiblef therearegoingto have ary
significantimpacton the way researctprogresse$38]. In particular we needto be ableto relate
differenttheoriesandapproachewithin MAS sothatdifferentsystemsandmodelscanbeintegrated.
This canbe achievedin two stagesfirst we needto be ableto isolatethe potentialinconsistencies



definitionsof fundamentatermsfrequentlyusedwhendiscussingnulti-agentsystemsandsecondve
needto provide anervironmentin which differentsystemsandtheoriescanbe developed,evaluated
andcompared.

1.1 Formal Frameworks

We have previously consideredherequirements$or the structureor frameavorksthatarenecessaryo
provide arigorousapproacthio ary discipline[19], andin particularto agentsandmulti-agentsystems
[40]. Suchframewvorksshouldpreciselyandunambiguoushyprovide meaningfor commonconcepts
andtermsbut in an accessiblemannersinceonly thenwill a commonconceptuaframevork have
a chanceof emeqging. (If thereis a generallyheld understandingf the salientfeaturesandissues
involved in the relevant classof modelsthenwe canassertthe existenceof a commonconceptual
frameawvork). Anotherimportantaspectandkey to thework presentedn this paperis thatit enables
modelsandsystemdo be explicitly presentedcomparedandevaluated.Not only mustit provide a
descriptionof the commonabstractionsound within that classof models,but alsoit mustprovide a
meanf furtherrefinemento specifyparticularmodelsandsystems.

Multi-agentsystemsaareinherentlycomplicatedand,consequentlyreasonin@boutthe behaiour
of suchsystemshecomedlifficult. The ability to formalisemulti-agentsystemsto do soin sucha
way thatallows automatedeasoningaboutagentsbehaiour and,additionally to do soin away that
is alsoaccessiblgeis thereforecritically important.

In whatfollows, we seekto shav that the formal framewvork we have developedsatisfiesthese
requirement&indprovidesjust sucha baseasis necessaryor a rigorousanddisciplinedapproacho
multi-agentsystemgesearchOuraim hereis notto provide adetailedpresentatiof our framework,
whichhasbeenpresente@xtensvely elsavhere but insteado shav how it maybeappliedto different
systemsandhow they may be accommodatedithin a singleoverarchingframenork. Similarly, we
are not concernedn this paperwith the detailedspecificationof agentbehaiour, thoughwe have
addressethis previously in [16, 18], nor with reasoningaboutagentbehaiour, thoughagainrelated
work hasaddressethis, for examplein the context of Agentis[15, 56].

1.2 Overview

In this papey we review andbuild on previous work that hasdevelopeda formal agentframevork

andextendit to construciseveralagentmodels. Thesemodelsrangefrom genericabstracimodelsto

very specificsystemmodelsthathave beendescribedandimplementectlisavhere.In the next section
we review the framewvork we have developedandin Section4 andshav how it canbe extendedto

describecertaintypesof agentsdescribingautonomousigents planningagentsmemoryagentsand
socialagents. Next, the paperpresentghreecasestudiesin applyingthe framevork. Thesecase
studieshave beenchosenas exemplarsspecificallybecausehey lie at oppositeendsof the multi-

agentsystemspectrum;oneis a relatvely new mostly theoreticalmodel, while the othertwo are
well-known, fully developedandimplementedsystemsFinally, the paperassessehe significanceof

thisresearchandconsiderdurtherwork.

2 Formal Specification

One seriousproblemwith mary formal modelsof multi-agentsystemss that they arevery rarely
applicableto building real systems. Indeedthe gap betweenformal theoreticalmodelson the one
handandimplementedsystemson the otheris now a widely acknavledgedissue[13, 30] andwhilst



therehave beenseveral notableefforts to addresshis (e.g. [46, 58)), it is still the casethatmostnewn
formal modelsdo notevenoutlinetheirrole in systemdesignandimplementation.

Thereis a large numberof formal techniquesand languagesvailable to specify propertiesof
softwaresystemg14] includingstate-basethnguagesuchasVDM [33], Z [53] andB [36], process-
basedanguagesuchasCCSJ[41] andCSP[28], temporallogics[20], modallogics[10], and State-
charts[55]. However, in bringingtogethetthe needfor formal modelson onehandandcomputational
modelsthat relateto software developmenton the other we adoptthe Z specificationlanguage.Z
is the mostwidely usedof formal methodsfrom software engineeringand offers arguably the best
chanceof theagentmodelsdevelopedachiering a significantdegreeof adoptionin the broadercom-
munity.

The Z languagss usedbothin industryandacademiaasa strongandelegantmeansof formal
specification,and is supportedby a large array of books (e.qg.[2, 27]), articles(e.g. [3, 4]) and
developmenttools. Its usein industryis both a reflectionof its accessibility(the languages based
on simplenotionsfrom first orderlogic andsettheory)andits expressienessallowing a consistent,
unifiedandstructuredaccouniof a computersystemsandits associate@perationsFurthermoreZ is
gainingincreasingacceptancasatool within theartificial intelligencecommunity(e.g.[24, 39, 42])
andis consequenthappropriaten termsof standardgenddisseminatiorcapabilities.

2.1 Z LanguageSyntax

Thekey syntacticelementof Z is the schemayvhich allows specificationgo be structurednto man-
ageablemodularcomponentsTheschemaelon hasavery similarsemanticso the Cartesiarproduct
of naturalnumbersbut without arny notionof order In addition,andascanbe seenin the example,
the schemaenablesary declaredvariablesto be constrained.In this casethe schemadeclareswo
variablesthat are both naturalnumbersandconstrainghemso thatthe variablefirst is lessthanor
equalto thevariablesecond.

__ Pair
first : N
second : N

first < second

Modularity is facilitatedin Z by allowing schemago be includedwithin otherschemasWe can
selecta statevariable,var, of aschemagchema, by writing schema.var. For example,it shouldbe
clearthat Pair.first refersto thevariablefirst in theschemaPair.

Now, operationsn a state-basedpecificationlanguageare definedin termsof changesto the
state Specifically an operationrelatesvariablesof the stateafter the operation(denotedoy dashed
variables)}o the valueof the variablesbeforethe operation(denotedby undashedariables).Opera-
tions may alsohave inputs(denotedby variableswith questionmarks),outputs(exclamationmarks)
anda precondition.In the GettingCloser schemaelaw, thereis anoperatiorwith aninputvariable,
new?; if new? liesbetweernthevariablesfirst andsecond, thenthevalueof first is replacedvith the
valueof new?. Theoriginal valueof first is theoutputasold!. The A Pair symbol,is anabbreiation
for Pair A Pair’ and,assuch,includesin this schemaall the variablesandpredicatef the stateof
Pair beforeandafterthe operation.



__ GettingCloser
new? : N
APair

old! : N

first < new?
new? < second
first' = new?
second’ = second
old! = first

A key typein the specificationcontainedn this paperis therelationtype, expressinga mapping
betweerntwo sets:asourcesetandatargetset. Thetypeof arelationwith sourceX andtargetY isa
simply a setof orderedpairs,(z, y). More formally, we have thefollowing definitionfor therelation

type.
X+ Y=PXxY)
By way of example,considerthe following relationbetweematuralnumbers.

examplerelation : N < N
examplerelation = {(3,4),(5,2),(6,3)}

Thedomainof arelation(dom) is the setof relatedsourceelementswhile therange(ran) is the
setof tamgetelementsin the exampleabore we have thefollowing.

domezamplerelation = {3,5,6}
ranezamplerelation = {2, 3,4}

In thefollowing examplewe shav how a setof elementcanbedefinedusingsetcomprehension.
{z:N|z<T7e2xz}=1{0,2,4,6,8,10,12}

The“bullet” canalsobe usedin predicatesuchasthe onebelav, which stateghatthe squareof
ary naturalnumberessthan10is lessthan100.

Vn:N|n<10enx*n < 100

2.2 Z Extensions

In the schemagivenbelow, mapseq takesa functionanda sequencandappliesthefunctionto each
elemenbfthesequencandmapset takesafunctionandasetandappliesthefunctionto eachelement
of theset.

—[X, Y]
mapseq : (X + Y) +» seqX + seqY
mapset : (X » YY) »PX »PY

Vsegs :seqX; zs :PX; fun: X + Y o
mapseq fun seqgs = {n : N | n € 1..#seqs o (n, fun (seqgs n))} A
mapset funzs ={z : X |z € zs ® fun z}




We have found it usefulin this specificatiornto be ableto asserthat anelementis optional. For
example,in the specificatiorgivenin this papey whethera socialagenthasa modelof itself or notis
optional. Thefollowing definitionsprovide for anew type, optional T', for ary existingtype, 7.

optional [X] =={zs :PX | #zs < 1}

Most othersyntacticconstructsn this paperarefairly standardbut more completetreatmentof
Z canbefoundelsavhere[53].

3 The Agent Framework

Therearefour typesuponwhich all our notionsin the SMART (Structuredand Modular Agentsand
RelationshipTypes)agentframevork are based. The definitionswithin this paperwill be built up
usingonly thesetypes;they aredeclaredoelaw.

[Attribute, Action, Goal, Motivation]

An entityis somethinghatcomprisesa setof attributes,a setof actions,a setof goalsanda set
of motivations. The schemabelon hasa declaratve partcontainingfour variables.First, attributes
is the setof featuresof the entity Thesefeaturesarethe only characteristic®f the entity that are
manifest. They neednot be perceved by ary particularentity, but mustbe potentiallypercevablein
anomniscientsense Second capabilities is the setof actionsof the entity, andis sometimeseferred
to asthecompetencef theentity. Next, goals andmotivations arethe setsof goalsandmotivations
of theentity respectrely. Goalsaresimply statesof affairsto be achiezed in the ervironment,in the
traditionalartificial intelligencesensewhile motivationsarehigherlevel non-denative components
characterisinghe natureof theagent but arerelatedto goals.Motivationsare,however, qualitatively
differentfrom goalsin thatthey arenot describablestatesof affairsin theenvironment.For example,
themotivation greeddoesnot specifya stateof affairsto beachieved, noris it describablen termsof
theervironment,but it may (if othermotivationspermit) give riseto the generatiorof agoalto rob a
bank. The distinctionbetweenthe motivation of greedandthe goal of robbinga bankis clear with
the former providing a reasonto do the latter, andthe latter specifyingwhat mustbe done. Finally,
the predicatepartstateghatthe entity musthave a non-emptysetof attributes.

__ Entity
attributes : P Attribute
capabilities : P Action
goals : P Goal
motivations : P Motivation

attributes # {}

An objectis ary entity thathascapabilities(aswell asattributes). The schemadefininganobject
is thatof anentity with thefurtherproviso thatthe objecthasa non-emptysetof capabilities.

__ Object
Entity

capabilities # { }




In our frameavork an agent is an objectthat is servingsomepurpose. Thatis, an agentis an
instantiationof anobjecttogethemwith anassociatedoal or setof goals. The schemdor anagentis
simply thatof anobjectbut with thefurtherrestrictionthatthe setof goalsof anagentis notempty

_ Agent
Object

goals # { }

We definean Environment to bea setof attributes.
Environment == P Attribute

Next we defineaninteraction.An interactionis simply whathappensvhenactionsareperformed
in anernvironment. The effectsof aninteractionon the environmentare determinecoy applyingthe
effectinteraction functionin the axiom definition below to the currentervironmentandthe actions
taken. This axiom definition is a global variableandis consequenthalwaysin scope. We require
only onefunction to describeall interactions,sincean actionwill resultin the samechangeto an
ervironmentwhethertaken by anobjector ary kind of agent.

‘ effectinteraction : Environment — P Action - Environment

3.1 Agent Perceptionand Agent Action

Perceptiorcannow beintroduced.An agentin anervironmentmay have a setof perceptsvailable,
which arethe possibleattributesthat an agentcould perceve, subjectto its capabilitiesand current
state. We refer to theseas the possibleperceptsof an agent. However, dueto limited resources,
anagentwill not normally be ableto perceve all thoseattributespossible,andwill baseits actions
on a subsetwhich we call the actual perceptsof anagent. Indeed,someagentswill not be ableto
perceve at all. In this case,the setof possibleperceptswill be emptyandconsequentlyhe setof
actualperceptsill alsobeempty

To distinguishbetweerrepresentationsf mentalmodelsandrepresentationsf the actual ervi-
ronment,atype, View, is definedto be the perceptionof an ervironmentby anagent. This hasan
equivalenttypeto thatof Environment, but now physicalandmentalcomponent®f the sametype
canbedistinguished.

View == P, Attribute

It is alsoimportantto notethatit is only meaningfulto considemperceptuabbilitiesin the context
of goals. Thuswhenconsideringobjectswithout goals,perceptuabbilities arenot relevant. Objects
respondlirectly to theirervironmentsandmake no useof perceptsvenif they areavailable.We say
thatperceptuatapabilitiesareinert in the context of objects.

In the schemafor agentperception,AgentPercepts, we add further detail to the definition of
agentsandsoincludetheschemaigent. An agenthasasetof perceving actions perceivingactions,
whichareasubsebf the capabilitiesof anagent. Thefunction, canperceive, determinesheattributes
thatarepotentiallyavailableto anagentthroughits perceptioncapabilities.Whenapplied,its argu-
mentsare the currentervironment, which containsinformation including the agents location and
orientation(thusconstrainingwhat canbe perceved) andthe agents capabilities. The secondpred-
icate line statesthat thosecapabilitieswill be preciselythe setof perceptuakapabilities. Finally,
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thefunction, willperceive, describeghoseattributesthatareactually perceved by anagentandwill
alwaysbeappliedto its goals.

—_ AgentPercepts
Agent
perceivingactions : P Action

canperceive : Environment — P Action + Environment
willperceive : P Goal — Environment — View

perceivingactions C capabilities
V env : Environment; as : P Action e

as € dom(canperceive env) = as = perceivingactions
domuwillperceive = {goals}

Directly correspondingo thegoalor goalsof anagent,s anaction-selectioriunction,dependent
on the goals,currentervironmentandthe actualperceptions.This is specifiedin AgentAct belaw,
with thefirst predicateensuringhatthefunctionreturnsasetof actionswithin theagents competence.
Note alsothatif thereareno perceptionsthenthe action-selectioriunctionis dependenbnly onthe
ervironment.

__AgentAct
Agent
agentactions : P Goal — View — Environment — P Action

Vgs:P Goal; v: View; env : Environment e
(agentactions gs v env) C capabilities
domagentactions = {goals}

3.2 Agent State

The stateof an agentdescribesan agentcurrently situatedin someervironmentandis definedas
follows. This includestwo variables posspercepts, describingthoseperceptgossiblein the current
environment, and actualpercepts, a subsetof thesewhich are the current(actual) perceptsof the
agent.Thesearecalculatedusingthe canperceive andwillperceive functions.

__ AgentState
environment : Environment
AgentPercepts

AgentAct

posspercepts : View
actualpercepts : View
willdo : P Action

actualpercepts C posspercepts

percewvingactions = { } = posspercepts = { }
posspercepts = canperceive environment perceivingactions
actualpercepts = willperceive goals posspercepts

willdo = agentactions goals actualpercepts environment




Lastly we specifyhow anagentinteractswith its ervironment. As a resultof aninteraction,the
ernvironmentandthe AgentState change.

— AgentEnvInteract
A AgentState

environment' = effectinteraction environment willdo
posspercepts’ = canperceive environment’ perceivingactions
actualpercepts’ = willperceive goals posspercepts’

willdo' = agentactions goals actualpercepts’ environment’

3.3 Tropistic Agents

SMART specifiesa setof genericarchitectures.The types,functionsandschemast containscanbe
appliedto other systemsand concepts. In orderto illustrateits usein this way, andto shav howv
the modelof interactionis sufiiciently generalto capturemosttypesof agentstropistic agents[23]
arereformulatedas an exampleof an agent. It is one of a setof core agentarchitecturesisedby
Geneseretland Nilssonto demonstratsomekey issuesof intelligentagentdesign. The activity of
tropistic agents,aswith reflexive agents,is determinedentirely by the stateof the ervironmentin
which they are situated. First, the original descriptionof tropistic agentsis summarisedand then
reformulatedusingelementof SMART.

Accordingto Geneserettand Nilsson, the setof ervironmentalstatesis denotedby S. Since
agentperceptiongrelimited in generaljt cannotbe assumedhatanarbitrarystateis distinguishable
from every otherstate. Perceptionghuspartition S in sucha way that ervironmentsfrom different
partitionscan be distinguishedwhilst ervironmentsfrom the samepatrtition cannot. The partitions
aredefinedby the sensoryfunction, see, which mapservironmentscontainedn S to ervironments
containedn T, the setof all obsered environments. The effectory function, do, which determines
how ervironmentschangenvhenanagentperformsan action,taken from the setof the agentactions,
A, mapsheagents actionandthecurrentervironmentto anew ervironment.Finally, action-selection
for atropisticagent,action, is determinedyy perception@ndmapselementf T to elementof A.
Tropisticagentarethusdefinedby the following tuple.

(S,T,A,see: S — T,do: Ax S — S,action: T — A)

3.3.1 Reformulating Perception

ThesMART framevork canbeappliedto reformulatetropisticagentsy first definingtypes:equating
thesetS to the SMART type, Environment; thesetT (asit refersto agentperceptions)to thetype
View; andtheset, A, to thetype Action. Thefollowing type definitionscanthenbewritten.

S == Environment N T == View N\ A == Action

Accordingto SMART, tropisticagentsarenot autonomousThusthe agent-lgel of conceptualisa-
tion is the mostsuitablelevel, andthesearethe modelschosen.The functionsdefiningarchitecture
at this level are canperceive, willperceive and agentactions, definingthe possibleperceptsactual
perceptsandperformedactions respectrely. Theeffectof actionson ernvironmentss independenof
the level chosenn the agenthierarchyanddefinedby effectinteraction. Recallthatthesefunctions
have thefollowing type signatures.



canperceive : Environment — P Action + View

willperceive : P Goal — View — View

agentactions : P Goal — View — Environment — P Action
effectinteraction : Environment — P Action — Environment

Thesefunctionsincludeexplicit referencdo agentgoals,which arenot representeth the model
of tropistic agentssincethey areimplicitly fixedin the hard-codedunctions. In whatfollows, the
valueof thesegoalsis takento be gs andaccordinglysetall goalparameter®f SMART functionsto
thisvalue.

The goalsof a tropistic agentdo not constrainthe selectionof its perceptiondrom thosethat
are available, and willperceive is definedas the identity function on obsered ervironments. In
SMART, the perceving actionsare usedat every perceving step so that the secondamgumentof
canpercetve IS always appliedto the perceving actions(perceivingactions) of the agentsas spec-
ified in the AgentPerception schemaAccordingly tropisticperceptioris reformulatedn thesecond
predicatebelown. Thereis animplicit assumptiorthattropisticagentsarecapablepercevers; percep-
tionsarealwaysa subsef the actualervironment. This assumptions formalisedin the lastof the
threepredicatedbelown thattogetherdefinetropistic perception.

willperceieve gs = {v : View o (v,v)}
Ve:S esee e = willperceive gs (canperceive e perceivingactions)
Ve,v:S e willperceive gs (canperceive e perceivingactions) C e

Thesetof partitionsin S canbe calculatedusingsetcomprehension.

partitions == {e, v : Environment | v = see e o see > {v}}

3.3.2 Reformulating Action

The differencebetweenthe sSMART framevork andtropistic agenteffectory functionsis simply that
theformerallows for a setof actionsto be performedratherthana singleaction.

Ve : Environment; a : Action e do (a, e) = effectinteraction e {a}

Theactionselectedy atropisticagentis dependensolelyonits perceptionsin SMART, theac-
tionsperformedareadditionallydependenbn goalsandtheervironment. Theervironmentcanaffect
the performancef selectedhctionsif, for example,anagenthasincorrector incompleteperceptions
of it. By contrastit is assumedhat a tropistic agentcorrectly percevesits staticernvironmentand
performsactionsthatareequivalentto thoseselected Theseassumptionsneanthatthe ervironment
doesnot affect the performanceof actionsoncethey have beenselected.In orderto specifythisin
SMART, the Environment parameteof agentactions is fixedto theemptyset,andaction is defined
usingagentactions asfollows.

Vv : T e action v = agentactions gs v {}

Reformulatingtropisticagentsusing SMART highlightsseveralissuesof note. First, SMART pro-
videsamoreintuitive conceptualisationf anagentasanobjectwith a purpose Goalsarehard-coded
into tropistic agentactionsand perceptionfunctions;they areneitherascribedto the agentsnor are
thereary explicit mechanismby whichagentgoalsdirectbehaiour. Secondexplicitly incorporating
agentgoalsin SMART providesa moresophisticatedlesignervironment. It incorporateshe premise
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that agentgoalschangeover time andthat the selectionof actionsandperceptionsnustbe adapted
accordingly Clearly it is inefficient to have to re-write the functionsdefiningactionandperception
selectionevery time new goalsareadopted.Third, featuresof SMART aremoregenerallyapplicable
thanthosedescribedor tropistic agentsandit canthereforebe usedto explicitly formaliseary as-
sumptions(implicit or otherwise)regardingthe tropistic agent,its ervironment,andthe interaction
betweerthem.

In this sectionwe have constructech formal specificatiorthat providesuswith a hierarchywhere
all agentsare objects,andall objectsare entities,with the distinction betweeneachcatgory made
precise. However, the agentsthat have beendefinedare not in themseles especiallyuseful or in-
teresting. Consequentlywe mustconsiderhow we canrefinethis framewvork to develop definitions
for other moreinterestingandmorevariedkinds of agents.The next sectiondescribesandspecifies
four typesof agentseachdescribingsomesubsetf the agentclass. Theseareautonomousgents,
memoryagentsplanningagentsaandsocialagents Eachdefinitionwill arisethrougha refinemenof
theideasandschemapresentedbove.

4 Classesof Agents

4.1 AutonomousAgents

Our definition of agentsentailsthe notionthatanentity is servingsomepurposeor, equivalently that

the entity canbe ascribedsomegoal. However, we have not asyet considerechow goalsarisein the

first place.In our view, goalsarederivative componentshatareconstructedn responséo the needs
eitherof the agentitself, or of someotheragent. Goalscanbe adoptedandtransferredput if goals
arederiative aswe claim, thentheremustbe someentitiesin the world cangenerater derive these
goals. We definethe non-dervative componentérom which goalsarederved asmotivations;goals
aregeneratedolelyin responsd¢o motivations.lIt is this quality thatdefinesautonomy;anagentthat

hasa non-emptysetof motivations(from which goalsmaybe created)s anautonomousgent.

An autonomousgentis anagenttogethemwith anassociatedetof motivations.

___ AutonomousAgent
Agent

motivations # { }

An autonomousggents definedasanagentwith motivationsandsomepotentialmeanf evalu-
ating behaiour in termsof the ervironmentandthesemotivations. In otherwords,the behaiour of
the agentis determinedby both externalandinternalfactors. This is qualitatvely differentfrom an
agentwith goalsbecausenotivationsarenon-denvative andgovernedby internalinaccessibleules,
while goalsarederivative andrelatedirectly to motivations.

Autonomousagentsalsoperceve, but motivations,aswell asgoals,filter relevantaspectof the
ervironment.In theschemaelaw, thefunction autowillperceive isthenamorecomple versionof an
agents willperceive, but they arerelated— if we choosedo interpretthe behaiour of theagentsolely
in termsof its agenthoodandthereforeits goals)thenthe willpreceive representatiois appropriate,
andif we wish to interpretits behaiour in termsof its autonomy(andthereforeits motivationsas
well asits goals)thenthefunction autowillperceive will beappropriate.

Neverthelessthatwhich anautonomouggentis capableof perceving atary timeis independent
of its goalsandmotivationsandwe justimport the definitionof canperceive from AgentPercepts.
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__ AutonomousAgentPercepts
AutonomousAgent
AgentPercepts
autowillperceive : P Motivation — P Goal — Environment — View

domautowillperceive = {motivations}

The next schemadefinesthe action-selectiorfunction andincludesthe previous schemadefini-
tionsfor AgentAct and AutonomousAgent. The action-selectioriunctionfor anautonomousgent
is producedat every instanceby the motivationsof the agent,andis alwaysandonly ever appliedto
themotivationsof theautonomousgent.

__ AutonomousAgentAct
AutonomousAgent
AgentAct

autoactions : P Motivation — P Goal — View — Environment — P Action

domautoactions = {motivations}

We alsodefinethe stateof anautonomousgentin anervironmentby includingthe AgentState,
AutonomousAgentPercepts and AutonomousAgentAct schemas.

__ AutonomousAgentState
AutonomousAgentPercepts
AutonomousAgentAct
AgentState

actualpercepts = autowillperceive motivations goals posspercepts
willdo = autoactions motivations goals actualpercepts environment

Now we canspecifythe operationof an autonomousgentperformingits next setof actionsin
its currentervironment. Notice thatwhile no explicit mentionis madeof ary changan motivations,
they maychangen responsedo changesn the ervironment.

__ AutonomousAgentEnvinteract
A AutonomousAgentState

environment' = effectinteraction environment willdo

posspercepts’ = canperceive environment' perceivingactions
actualpercepts’ = autowillperceive’ motivations' goals' posspercepts’
willdo' = autoactions motivations' goals’ actualpercepts’ environment’

The essentiafeaturein distinguishingautonomousagentsfrom non-autonomousgentsis the
ability to generateheir own goalsaccordingto their internalnon-denvative motivations Oncegoals
are generatedthey can subsequentlype adoptedby, andin orderto create,otheragents. We can
extendthe framewvork to shav how anautonomousgentcangenerateyoals.

In orderto doso,werequirearepositoryof knowvn goals which captureknowledgeof limited and
well-definedaspect®f theworld. Thesegoalsdescribgarticularstatesor sub-statesf theworld with
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eachautonomousigenthaving its own suchrepaository An agenttriesto find a way to mitigate mo-
tivations,eitherby selectinganactionto achiese anexisting goal, by reactvely performinganaction
in directresponseo motivations,or by retrieving a goalfrom a repositoryof known goals. Thefirst
two of thesealternatveswereaddressethy the autoactions functionin the AutonomousAgentAct
schemaseenearlier while thelastis consideredriefly below.

In orderto retrieve goalsto mitigate motivations, an autonomousagentmust have someway
of assessinghe effects of competingor alternatve goals. Clearly the goalsthat make the greatest
positive contritution to the motivationsof the agentshouldbe selected.To do this, an autonomous
agentmustmonitor its motivationsfor goalgenerationandretrieve appropriatesetsof goalsfrom a
repositoryof available knowvn goals. We candefinea function that takes a particularconfiguration
of motivationsanda setof existing goalsandreturnsa numericvaluerepresentinghe motivational
effect of satisfyingthosegoals.Thenall thatis necessarjor goalgenerations to find the setof goals
in the goalbasehat hasa greatermotivational effect thanary othersetof goals,andto updatethe
currentgoalsof theagentareupdatedo includethe new goals.

4.2 Memory Agents

Theagentxonsidere@bore arevery simpleandrely solelyontheervironment,goalsandmotivations
(if available)to determineaction.We have notyetspecifiedhewayin whichsomeagentsnaybeable
to take into accouniprior experiencgexceptthroughary changeshatarisein goalsandmotivations).
Agentswho cannottake pastexperiencanto accountwill beextremelylimited asaresult.By adding
further detail to our existing definitionswe now provide a descriptionof agentswith the ability to
accessan internal storeof attributesor memorythat canrecord,for example, prior experienceand
otherrelevantinformation. We call anagentwith suchaninternalstorea memoryagent

A memoryagentdoesnot necessarilyecordjust thoseattributesthat are currently available in
the externalervironment,but may alsostoresomeotherattributesregardingmoregeneralearnedor
acquirednformation.

— MemoryAgent
Agent
memory : P Attribute

memory # {}

Thus a memoryagentdiffers from the previous agentsby having available, in additionto the
externalervironment,aninternalstoreof attributes,both of which contritute to forming the agents
currentview of theworld. Clearly amemoryagentwill requirecertainperceving actionsin orderto
accesshememory In this respecit may oftenbe usefulto divide the perceving actionsof anagent
into internalandexternalpartsand,analogouslythe ervironmentmay alsobe split into internaland
externalcomponentstheinternalenvironmentbeingthe memory

Notethatwe referto theinternalsetof attributesasanenvironment ratherthana view, sinceit is
aphysicalstoresimilar to the externalervironment.We cannow refinethe agentschemaso include
this concepiof memoryasfollows.
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__ MemoryAgentPercepts
MemoryAgent
AgentPercepts
internalperceivingactions : P Action
externalperceivingactions : P Action
memcanperceive : (Environment X Environment) — P Action + Environment

internalperceivingactions U externalperceivingactions = perceivingactions
internalperceivingactions N externalperceivingactions = {}
YV envl, env2 : Environment; as : P Action e

as € dom(memcanperceive (envl, env2)) = as = perceivingactions

A memoryagents possibleperceptsare derived from applyingits perceving actionsto both its
externalenvironmentandits internalmemory Dependingonits goals,the agentwill selecta subset
of theseavailableattributes,asdefinedpreviously by willpreceive in the AgentPercepts schemaThe
actionthatsuchanagentselectsatary timeis alsodeterminedn the sameway asdefinedpreviously
in the AgentAct schemasincethe memoryis carriedthroughpossibleperceptsaandactualpercepts
to theaction-selectiorfunction, agentactions.

MemoryAgentAct
AgentAct

— MemoryAgentState
MemoryAgentPercepts
AgentState

posspercepts = memcanperceive (environment, memory) perceivingactions

As a resultof theserefinementswe mustalso considerthe consequencesf an actionon the
environmentand memory The performanceof somesetof actionsmay, in additionto causinga
changeto the externalervironment,alsocausea changeto the memoryof the agent.In this respect,
we definetwo functionsfor theseinteractionsbelon, where the external ervironmentfunction is
exactly asdefinedearlier but the memoryis updatedasa function of boththe internalervironment,
externalervironmentandthe currentgoalsof the agent. Goalsarerelevant herebecausehey may
constrainwhatis recordedn memory andwhatis not.

externaleffectinteraction : Environment — P Action - Environment
internaleffectinteraction : Environment — Environment —
P Action + P Goal — Environment

We cannow refineanotherschemao take into accountthesechanges.The following schema,
which specifieshow amemoryagentinteractswith its ervironment,is a new versionof the
AgentEnvInteract sSchemalefinedearlier
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_ MemoryAgentEnvInteract
A MemoryAgent
AgentEnvInteract
externalenvironment : Environment
ezternalenvironment' : Environment

externalenvironment’ = externaleffectinteraction externalenvironment willdo
memory’ = internaleffectinteraction memory externalenvironment willdo goals

Thesememoryagentsaresimilarin spirit to the knowledg-level agentsof GeneseretlandNils-
son[23], in which an agents mentalactionsare viewed asinferenceson its databaseso that prior
experienceandknowledgecanbetakeninto accountwhenconsideringvhatactionto take.

4.3 Planning Agents

Planningis the processof finding a sequencef actionsto achieve a specifiedgoal. Our definition
of agentsrequiresthe presenceof goals, and althoughwe have briefly discussedchow goals may
be generatedwe have not considerechow agentsplanto achiere them. This sectionincreaseghe
complity of theagentspecificatiorsothatit captureghe essencef a planningagent

4.3.1 Modelling Plans

This involves definingfirst the component®f a plan, andthenthe structue of a plan, asshavn in
Figurel. The componentswhich we call plan-actions eachconsistof a composite-actiomnda set
of relatedentitiesasdescribedelon. Thestructureof plansdefinesherelationshipof thecomponent
plan-actiongo oneanother For example,plansmay be total anddefinea sequencef plan-actions,
partial andplacea partial orderon the performanceof plan-actionspr treesand,for example,allow
choicebetweeralternatve plan-actionsat every stagein the plan’s execution.

Weidentify four typesof actionthatmaybecontainedn plans,calledprimitive, templateconcurent-
primitive and concurent-template Theremay be other cateyoriesand variationson thosewe have
chosenput not only do they provide a startingpoint for specifyingsystemsthey alsoillustrate how
differentrepresentationsan be formalisedand incorporatedwithin the samemodel. A primitive
actionis simply a baseactionasdefinedin the agentframavork, and an actiontemplateprovides
a high-level descriptionof whatis requiredby an action, definedasthe setof all primitive actions
that may resultthroughan instantiationof that action-template.An examplewherethe distinction
is manifestis in dMARS (seeSection7.2), wheretemplateactionswould representactionformulae
containingfreevariables.Onceall thefreevariablesareboundto values theactionis thena primitive
actionandcanbeperformed We alsodefinea concurrent-primitie actionasa setof primitive actions
to be performedconcurrentlyand a concurrentaction-templatesa setof templateactionsthat are
performedconcurrently A new type, ActnComp, is thendefinedasa compound-actiomo includeall
four of thesetypes.

Actions mustbe performedby entities,so we associatevery composite-actionn a planwith a
setof entities,suchthateachentity in the setcanpotentiallyperformthe action. At somestagen the
planningprocesghis setmay be empty indicatingthat no choiceof entity hasyet beenmade. We
definea plan-actionasa setof pairs,whereeachpair containsa composite-actiomnda setof those
entitiesthatcould potentiallyperformthe action. Plan-actionaredefinedasa setof pairs ratherthan
asinglepair sothatplanscontainingsimultaneousctionscanberepresented.
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TotalPlan == seqPlanAction

Primitive == Action TreePlan ::= Tip{PlanAction))
Template == P Action | Fork{(P,(PlanAction x TreePlan)))
ConcPrimitive == P Action Plan = Part{PartialPlan))
ConcTemplate == P(P Action) | Total({ TotalPlan})
ActnComp ::= Prim{{Primitive)) | Tree{ TreePlan))
| Temp(( Template))
| ConcPrim{ ConcPrimitive)) planpairs : Plan — P PlanAction
| ConcTemp{{ Conc Template) planentities : Plan — P EntityModel

planactions : Plan — P Action

PlanAction == P(ActnComp x P EntityModel)
PartialPlan == {ps : PlanAction <> PlanAction |V a, b : PlanAction e
(a,a) & ps™ A (a,b) € ps* = (b,a) & ps™ o ps}

Figurel: Plancomponentsindstructure

We specify three commonly-foundcateyoriesof plan accordingto their structureas discussed
earlier thoughothertypesmay be specifiedsimilarly.

e Partial Plans.

A partial planimposesa partial order on the executionof actions,subjectto two constraints.
First, an action cannotbe performedbeforeitself and,second,f plan-actiona is beforeb, b
cannotbe beforea. Formally, apartialplanis arelationshipbetweerplan-actionsuchthatthe
pair (a, a) is notin thetransitve closureand,further, if thepair (e, b) is in thetransitive closure
of therelationthenthepair (b, a) is not.

e Total Plans. A plan consistingof a total orderof plan-actionss atotal plan. Formally, thisis
representedsa sequencef plan-actions.

e TreePlansA planthatallows a choicebetweeractionsatevery stageis atree.In generalatree
is eitheraleafnodecontaininga plan-actionor afork containinganode,anda (non-empty)set
of brancheachleadingto atree.

Theseareformalisedin Figurel.

Using thesecomponentsve candefinea planningagent Any planningagentmusthave a set
of goalscurrently beingpursued,goals, anda setof plansassociatedvith thesegoals,plans. The
plansassociatedvith eachof the goalsis given by thefunction, activeplangoal. Therewill alsobea
repositoryof all goals,goalbase, arepositoryof all plans,planbase, andafunctionassociatinglans
in the planbase with thegoalsin the goalbase, plangoal.
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__ PlanningAgent
Agent
activeplangoal : Goal — P Plan
plans : P Plan

plangoal : Goal — P Plan
goalbase : P Goal
planbase : P Plan

domactiveplangoal = goals
U(ranactiveplangoal) = plans

U(ranplangoal) = planbase
domplangoal C goalbase
goals C goalbase

Theway in which a planningagentchoose$ow to actis now alsoa functionof its currentplans.
Thisis shavn in the PlanningAgentAct schemabelow.

__ PlanningAgentAct
PlanningAgent
AgentAct
planningagentactions : P Goal — P Plan — View — Environment — P Action

YV gs : P Goal; ps: P Plan; v: View; env : Environment

e (planningagentactions gs ps v env) C capabilities
domplanningagentactions = {goals}
V ps : P Plan e ps € dom(planningagentactions goals) = ps = plans

Here,we have only extendedour descriptionof an agentto includethe ability to plan. Further
work is necessaryo investigateandspecifyhow the plansof an agentalsoaffectits reasoning.For
example,we mustaddresthe questionof whenanagentshouldabandorplans,generataew plans,
abandorgoalsbecausef alack of appropriateplans,andsoon. However, this is beyond the scope
of the currentwork andwill not be addressedurtherin this paper Neverthelessye have provided
a frameawork within which suchissuesandrelatedtheoriesandsystemsanbe formally presenteds
we shallshav in thenext sectionwhenwe shav how plansaremodelledfor variousexisting systems.

4.4 SociologicalAgents
4.4.1 AgentModels

We have alreadystatedthatan agentwill have certainperceptsavailableto it. If anagentcanmalke
senseof theseattributesand group certainsetsof themtogetherinto entity-describingnodels,then
we have the beginningsof a sociologicalagent,which we take to be an agentthatis aware of other
agentsandtheirrole andfunction. Specificallytheagentframeavork providesthestructureghatallows
anagentto constructmeaningfulandusefulmodelsof theserolesandfunctionsin avery simplebut
effective way. Suchmodelsaredescribedelow.

If theagentdoesnothave amemory thentheunionof theattributesof the setof entitiesit models
mustbe a subsebf its currentperceptionslf the agentdoeshave a memory however, this condition
canberelaxed.

16



Onceagain,we refinethe schemagyiven earlierto constructour modelof a sociologicalagent.
Theschemaelav describesanagentthathasgroupedattributesinto distinctentities.

__ AgentModelEntities
AgentState
entities : P Entity

entities # {}
U{e : entities o e.attributes} C actualpercepts

Thoughthe agentdoesnot necessariljnave memory this still constitutesa modelof the world
thatit possessesjnceit imposesastructureby groupingattributes. This kind of modellingis usedby
mechanismsuchasarobotarmon aproductionline. Thearmis only concernedvith the perceptual
stimuli neededor it to performthe appropriateactionon anentity. In mary casesit will not needto
know aboutthe capabilitiesof the entity.

Now anagentmay, in addition,associateapabilitieswith someentity, andits modelof theworld
will thereforebea collectionentitiesandobjects.(Thiswill typically involve the useof memory but
we will notconsidememoryfurtherhere,sothatwe may clearly differentiatethe qualitiesthatarise
for distinctreasons.)

__ AgentModelObjects
AgentModelEntities
objects : P Object

objects # {}

objects C entities

Similarly, a moresophisticatecgentmay be ableto modelthe world asa setof entities,objects
andagents.

_ AgentModelAgents
AgentModelObjects
agents : P Agent

agents # {}
agents C objects

At thislevel of modelling,anagentis awareof the conceptof agenthoodThatis, it is awvarethat
someof the entitiesin the world are servinga purpose.However, we cannotyet claim this to be a
sociologicalagentsinceit mustbeawarenotonly thatagoalis beingsatisfied but alsowhy thegoal
exists. In otherwords, it mustknow thatthe goalhasbeengeneratedy someagent.A sociological
agentmustthusunderstandhe conceptof autonomousgentswhich arethe only agentscapableof
generatingjoals.Wethereforedefinea sociolaical agentto beary agenthathastheability to model
anentity asanautonomousgent.

Note thatin building up this notion of a sociologicalagent,we areproviding only a basicfoun-
dationalconcepthatallows usto describeagentscapableof modellingothers.Furthercateyoriesof
agentsmay be constructedon top of this and, indeed,this notion of sociologicalagentsis distinct
from socialagentghatinteractwith others.However, in orderfor socialbehaiour to beeffective, we
arguethatsociologicalcapabilitiesareneeded.
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__Sociological Agent
AgentModelAgents
autonomousagents : P AutonomousAgent

autonomousagents # {}
autonomousagents C agents

Accordingto this view, an agentcan be sociologicaleven it hasno social capabilities(suchas
rhetoricaldevices)otherthanthatit recognisesutonomy

If we expandthe previous schemathen a sociologicalagentconsidershe world to consistof
entities,objects,agentsand autonomousgents whereall autonomousigentsare agentsall agents
areobjectsandall objectsareentities.In addition,if it canrecogniseagentshatareautonomousind
objectsthatareagentghenit will certainlybe ableto recogniseagentghatarenot autonomousnd
objectsthatarenot agents.Theseareknown asServerAgentsandNeutral Objectsrespecirely, and
aredefinedasfollows.

— ServerAgent
Agent

motivations = { }

__ NeutralObject
Object

goals = { } N\ motivations = {}

A sociologicalagentmay also have a model of itself. This is givenin the following schema.
Note thata sociologicalagentis not necessarilyanautonomousgent,nor is anautonomousgenta
sociologicalagent.(For adefinitionof optional thereaderis asledto consultthe AppendixA.)

__Sociological AgentModel
Sociological Agent
neutralobjects : P Neutral Object
serveragents : P ServerAgent
self : optional [Agent]

agents = autonomousagents U serveragents
objects = neutralobjects U agents

Naturally if anagentwantto take advantageof its ability to modeltheseagentsjt will needto
usecertainpersuasie devicesasdescribedn [6], but whichwill notbeconsideredhere.

Supposefor example,thata robotwishesto usearadio. Also, supposehatthe radiois already
switchedon, andthatthe robotunderstandshattheradiois servingsomepurpose.Sincethe robot
is a sociologicalagentandunderstandautonomyit is awarethattheradiois servingsomepurpose,
ultimately for someautonomousagent. The robot can simply take control of the radio (if it had
the necessargapabilities) fully awarethatthe radiowould not thenbe servingits original purpose.
Alternatiely, the robot may decidenot to interferewith the radio. In both casesthereis no social
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behaiour. However, if therobothasthe ability to modelthe relationshipbetweenthe radio andthe
agentsfor which thatradio is servinga purpose which may in turn be servinga purposefor other
agentsjt may be ableto identify the autonomousgentat the top of the regressie agentchain. In

this case the robotmay attemptto persuadehis agentto releaseheradio from its original purpose,
sothatit mayuseit instead.

In otherwords, we still needan understandingf the relationshipshetweerthe variousentities
in the world accordingto the purposeghey sene. We needto be ableto identify the originators
of thesepurposesr goals,the autonomousgentsthat generatedhem. This requiresan ability to
modelanagentdirectly engaying a sener agent,andanautonomousgentcoopeating with another
autonomousigent. We now specifythe socialstructuresve call engagjementsandcoopeationsthat
existin amulti-agentworld.

4.4.2 Engagementand Cooperation

A directengagementakes placewheneer a neutral-objecbr a sener-agentadoptssomegoals. In
a directengagemenian agentwith somegoals,which we call the client, usesanotheragent,which
we call the server to assistthemin the achi&zementof thosegoals. Note that accordingto our
previous definition, a sener-agentis non-autonomouslt either exists alreadyas a resultof some
otherengagementpr is instantiatedrom a neutral-objecfor the currentengagementThereis no
restrictionplacedon a client-agent.

We definea directengagementin the following schemawhich consistsof a client agent,client,
asener agent,server, andthe goalthat server is satisfyingfor client. Necessarilyanagentcannot
engagatself, andbothagentanusthave the goalof theengagement.

__ DirectEngagement
client : Agent
server : ServerAgent
goal : Goal

client # server
goal € (client.goals N server.goals)

An enggiementchain representa sequencef directengajements For example,supposearobot
usesa computerterminalto run a programto access databasén orderto locatea library book,then
thereis adirectengagementetweertherobotandtheterminal,of theterminalandthe program,and
of the programandthe databaseall with the goal of locatingthe book. An engagementhainthus
representshe goalandall the robotsinvolved in the sequenc®f directengagementsin the above
example,theagentsnvolved would be asfollows:

Robot, Terminal, Program, Database

Specifically an engaglementchain comprisessomegoal goal, the autonomouglient-agenthat
generatedhe goal, autoagent, anda sequencef seneragents,chain, whereeachonein the se-
guenceis directly engagingthe next. For ary engagementhain,theremustbe at leastone sener-
agent,all the agentsn involved mustsharegoal, andthe sameagentcannotbe involved morethan
once.
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_ EngagementChain
goal : Goal
autoagent : AutonomousAgent
chain : seq Agent

goal € autoagent.goals
goal € U{s : Agent | s € ranchain e s.goals}
#(ranchain) = #chain

Thetermcoopeation is reseredfor useonly whenthe partiesinvolved areautonomougsndpo-
tentially capableof resisting. If they are not autonomougand not capableof resisting),thenone
simply engajesthe other A coopeation describes goal, the autonomousgentthatoriginally gen-
eratedthatgoal,andthoseautonomousgentsvho have adoptedhatgoal from the generatingagent.
Thusin this view, cooperatiorcannotoccurunwittingly betweerautonomousgents.

_ Cooperation
goal : Goal
generatingagent : AutonomousAgent
cooperatingagents : P AutonomousAgent

# cooperatingagents > 1
Y aa : cooperatingagents e goal € aa.goals
goal € generatingagent.goals

A sociologicalagentthusviews theworld asa collectionof engagementgngagementhainsand
cooperationdetweerthe entitiesin theworld.

NewSociological AgentModel
Sociological AgentModel
dengagement : P DirectEngagement
engchain : P EngagementChain
cooperations : P Cooperation

Theseschemagrovide useful structurethat can be exploited by intelligent agentsfor more ef-
fective operation. This is only possibleif eachagentmaintainsa modelof their view of the world.
Specifically eachagentmustmaintaininformationaboutthe differententitiesin the ervironment,so
that both existing and potentialrelationshipsbetweenthoseentitiesmay be understoodand conse-
guentlymanipulatedasappropriate.

5 Application of the Framework

Thestructureddescribedabore will be presento a greateror lesserextentin all multi-agentsystems.
Naturally thesemodelsandthe modelsthat an agenthasof other entitiescan becomeeven more
sophisticatedFor example,anagentmay modelotheragentsasplanningagentsaswe shallseelater
in this section.In this way, agentscancoordinatetheir actvities andenlistthe help of othersin order
thatplanscanbeachiezed successfullyandefficiently.

In this sectionwe completethe pathfrom our initial framevork throughmodelsof varyinglevels
of abstractiorto detailedformal specification®f threedistinctapplications.Thefirstis AMARS (the
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distributed Multi-Agent Reasoningsystem) which hasbeenappliedin perhapghe mostsignificant
multi-agentapplicationsto date. The secondis the well-known contractnet protocol[51, 52, 12],
which againis situatedin the domainof practicalimplementedsystems. The third applicationis
the socialdependenceetwork[49, 50], which is a structurethat forms the basisof a computational
modelof SocialPaver Theory[7, 8]. Thesenetworks allow agentsto reasonaboutand understand
the collective groupof agentsghat make up the multi-agentworld in which they operate.Below, we
considerachof thesen turn,andshav how they canbeformalisedin thecontet of previousmodels.
In orderto achieve this, wereuseyefineandelaborateheschemagresentedofar, in orderto specify
thesemulti-agentsystemsat a detailedievel of description.

5.1 Application 1: The distrib uted Multi-Agent ReasoningSystem(dMARS)

While mary differentandcontrastingsingle-agenarchitecturesave beenproposedperhapshemost
successfubirethosebasedon the belief-desire-intetion (BDI) framevork. In particular the Proce-
dural ReasoningSystem(PRS), has progressedrom an experimentalLisP versionto a full c++
implementatiorknown asthe distributed Multi-Agent Reasoningsystem(dMARS). PRS,which has
its conceptuakootsin the belief-desire-intetion (BDI) model of practicalreasoninghasbeenthe
subjectof a dual approachby which a significantcommercialsystemhasbeenproducedwhile the
theoreticafoundationsof the BDI modelcontinueto be closelyinvestigated.

As part of our work, we have soughtto formalisetheseBDI systemshroughthe directrepre-
sentationof the implementationson the one hand, and throughrefinementof the detailedmodels
constructedhroughthe abstractagentframevork on the other This work hasincludedthe formal
specification[16] of the AgentSpeak(L)anguagedevelopedby Rao[46], which is a programming
languagdasednanabstractiorof the PRSarchitecturejrrelevantimplementatiordetailis removed,
and PRSis strippedto its bareessentials.Our specificationreformalisesRao’s original description
sothatit is couchedn termsof stateandoperationon statethatcanbe easilyrefinedinto animple-
mentedsystem.In addition,beingbasednasimplifiedversionof AMARS, thespecificatiorprovides
a startingpoint for actualspecification®f thesemore sophisticatedystems.Subsequenivork con-
tinuedthis themeby moving to producean abstractformal specificationof dMARS itself, through
whichanoperationasemanticsor dAMARS wasprovided, offering abenchmarkagainstwwhich future
BDI systemsaandPRS-like implementationganbe compared.

Due to spaceconstraintsywe cannothopeto getanywhereneara specificationof eitherof these
systemsput insteadwe aim to shav how we canfurther refinethe modelsof plansdescribedabore
to getto a point at which we canspecifythe detailsof suchimplementationsThe valueof thisis in
the easeof comparisorandanalysiswith the moreabstrachotionsdescribedearlier

We bagin our specification,shavn in Figure 2 by definingthe allowable beliefsof an agentin
dMARS, which arelike PROLOG facts. To start, we definea term, which is eithera variableor a
function symbolappliedto a (possiblyempty) sequencef terms,andan atom a predicatesymbol
appliedto a (possiblyempty) sequencef terms. In turn, a beliefformulais eitheran atomor the
negationof anatom,andthesetof beliefsof anagents thesetof all groundbeliefformulae(i.e. those
containingno variables). (We assumean auxiliary function belvars which, given a belief formula,
returnsthe setof variablest contains.)Similarly, asituationformulais anexpressiorwhosetruth can
be evaluatedwith respecto a setof beliefs. A goalis thenabelief formulaprefixedwith anachieve
operatoror asituationformulaprefixedwith aqueryoperator Thusanagentcanhave agoaleitherof
achiezing a stateof affairsor of determiningwhetherthe stateof affairs holds.

Thetypesof actionthatagentsanperformmaybe classifiedaseitherexternal (in which casethe
domainof theactionis theervironmentoutsidetheagent)or internal (in which casehedomainof the
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[Var, FunSym, PredSym]
Term ::= var{Var)) | functor { FunSym x seqTerm))

Atom

head : PredSym
terms : seqTerm

BeliefFormula ::= pos({(Atom)) | not{{Atom))
Belief == {b : BeliefFormula | belvars b = & e b}

SituationFormula ::= belform((BeliefFormula))
| and((SituationFormula x SituationFormula))
| or((SituationFormula x SituationFormula))

| true | false

Goal ::= achieve((BeliefFormula)) | query((SituationFormula))

ExtAction

name : ActionSym
terms : seqZerm

IntAction ::= add{(BeliefFormula)) | remove (( BeliefFormula))

TriggerEvent ::= addbelevent ((Belief ))
| rembelevent (( Belief ))

toldevent({ Atom))

goalevent({ Goal))

Branch ::= extaction(( ExtAction)) | intaction((IntAction)) | subgoal({{ Goal))

Body ::= End((State)) | Fork (P, (State x Branch x Body)))

__Plan

inv : TriggerEvent

context : optional [SituationFormula]
body : Body

maint : SituationFormula

succ : segIntAction

fail : seqIntAction

Figure2: Plansin dMARS
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actionis the agentitself). Externalactionsarespecifiedasif they areprocedurecalls,andcomprise
anexternalactionsymbol(analogougo the procedurename)taken from the set[ ActionSym|, anda

sequencef terms(analogougo the parametersf the procedure)Internalactionsmaybe oneof two

types:addor remove a belieffrom the database.

Plansareadoptedby agentsand,onceadopted constrainan agents behaiour andactasinten-
tions They consistsof six components:an invocationcondition (or triggering even); an optional
contet (asituationformula)thatdefineghe pre-conditionf theplan,i.e.,whatmustbebelieved by
theagentfor a planto be executablethe plan body, whichis atreerepresenting kind of flow-graph
of actionsto perform;amaintenanceonditionthatmustbetruefor the planto continueexecuting;a
setof internal actionsthatareperformedf the plansucceedsandfinally, a setof internal actionsthat
areperformedf the planfails. Thetreerepresentinghe bodyhasstatesasnodesandarcs(branches)
representingithera goal,aninternalactionor anexternalactionasdefinedbelon. Executingaplan
successfullynvolvestraversingthetreefrom therootto ary leafnode.

A triggereventcauses planto beadoptedandfour typesof eventsareallowableastriggers:the
acquisitionof a new belief; theremoval of a belief; the receiptof a messageor the acquisitionof a
new goal. This lasttype of trigger eventallows goal-driven aswell asevent-driven processing.As
notedabove, plan bodiesaretreesin which arcsarelabelledwith eithergoalsor actionsandstates
areplaceholders. Sincestatesare not importantin themseles, we definethemusingthe given set
[State]. An arc(branch)within aplanbodymaybelabelledwith eitheraninternalor externalaction,
or asubgoal.Finally, adMARS planbodyis eitheranendtip containinga state,or afork containing
a stateanda non-emptysetof branchegachleadingto anothetrtree.

All thesecomponentsanthenbe broughttogetherinto the definition of a plan. The basicex-
ecutionmechanisnfor dAMARS agentsinvolves an agentmatchingthe trigger and context of each
planagainsthe choseneventin the eventqueueandthe currentsetof beliefs,respectiely, andthen
generating setof candidatematchingplans,selectingone,andmakinga plan instancefor it.

Spaceconstraintsprohibit going into further detailsof the variousaspectof this work, but we
hopethatit hasbeenpossibleto shav how increasingevels of analysisanddetail enabletransition
betweerabstractonceptualnfrastructureandimplementedsystem.

5.2 Application 2: The Contract Net Protocol

TheContractNetasdescribedy Smith[12, 51, 52] is acollectionof nodeghatcooperatén achiezing
goalswhich, together satisfysomehigh-level goal or task. Eachnodemay be eithera manajer who
monitorstaskexecutionandprocessetheresults,or a contractor who performsthe actualexecution
of thetask.

5.2.1 The Contract Net Structure

First, we specify the differentkinds of entity from which a contractnetis constructedand which
participatein it. A nodein acontractnetis justanobject.

Then,reusingour definitionof agentswe definea ContractAgent asary nodewhichis currently
servingsomepurpose.

23



ContractAgent
CNode
Agent

Davis andSmith[1d alsodescribeasingleprocessonodein adistributedsensingexamplecalled
amonitornode which startstheinitialisationasthefirst stepin netoperation If thisis justanodethat
passesninformationto anotherthenit is no differentto the managespecifiedabore. If it generated
thegoalor taskto performby itself, thenit is anautonomousgent.

Monitor
|7Auton0m0usAgent

ContractAgent

The contractnetconsistof nodes, which areobjects.Of these someare contractagents, which
areagentsanda subsebf thesearemonitors, which areautonomousigents.

___AllNodes
nodes : P Object

contractagents : P Object
monitors : P AutonomousAgent

momnitors C contractagents C nodes

However, this is preciselythe sameasthe schema,Sociological Agent, which describeda soci-
ological agents view of the world. We canthereforedefine AllNodes in termsof this schemaby
renamingor substitutingthe variousstatevariableswithin it asfollows.

AllNodes
FS ociological Agent[nodes/ objects, contractagents/agents, monitors | autonomousagents]

A managerengagegontractorgo performcertaintasks,whereataskis just the sameasa goal,
sinceit specifiesa stateof affairsto beachieved.

Task == Goal

In a contractnet, a contract comprisesa task,anda pair of nodes,a managernda contractor
Yetagainwe candefineacontractby reusingpreviousschemasA contractis a specifictype of direct
engaiementin which the client of the engagemenis the managerof the contract,the sener is the
contractor and the goal of the engagemenis the task of the contract. Consequentlywe definea
contractasfollows.

Contract
TDirectEngagement [manager / client, contractor / server, task [ goal|

Now we candefinethe setof all contractscurrentlyin operationin the contractnet. The schema
below includesAliNodes, anddefinescontracts to bethesetof all contractscurrentlyin thenet. The
managerarethe setof nodesnanaginga contractandthe contractorsarethe setof nodescontracted.
Theunionof thecontractorsandthe managergjivesthe setof contractagents.
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__AllContracts
AllNodes

contracts : P Contract

managers : P ContractAgent
contractors : P ContractAgent

managers = {c : Contract | ¢ € contracts e c.manager}
contractors = {c : Contract | ¢ € contracts e c.contractor}
managers U contractors = contractagents

We alsointroducethe notion of eligibility. A nodeis eligible for a taskif its actionsand at-
tributessatisfythe taskrequirements Eligibility is a type comprisinga setof actionsandattributes
representingneligibility specification.This hasjustthe sametypeasanaobiject.

Eligibility == Object

Thefirst stepin establishinga contractis ataskannouncemeniA TaskAnnouncement is issued

by a Sender to a setof Recipients to requestbids for a particular Task from agentswith a given
Eligibility specification.

Sender == CNode
Recipient == CNode

TaskAnnouncement
sender : Sender
recs : P Recipient
task : Task
eligibility : Eligibility

Noticethatthe combinationof atasktogethemwith aneligibility is, in fact,an agent requirement.

In responséo ataskannouncemenggentscanevaluatetheir interestusingtaskevaluationpro-
ceduesspecificto the problemat hand.If thereis sufficientinterestthenthatagentwill submitabid
to undertak to performthetask. A bid involvesa nodethatdescribes subsebf itself in responseo
aneligibility specificationwhichwill be usedin evaluatingthebid.

__ Bid
cnode : CNode
eligibility : Eligibility

eligibility. capabilities C cnode.capabilities
eligibility . attributes C cnode.attributes

The stateof the contractnetcannow be represente@sthe currentsetof nodes,contractstask
announcemen@ndbids. Eachtaskannouncememill have associatedvith it somesetof bids,which
arejust eligibility specificationsasdescribecabore. In addition,eachnodehasa meansof deciding
whetherit is capableof, andinterestedn, performingcertaintasks(andsobiddingfor them).
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__ContractNet
AllContracts
bids : TaskAnnouncement + P Bid
interested : CNode — Task — bool

taskannouncements : P TaskAnnouncement

taskannouncements = dombids

5.2.2 Making Task Announcementsand Bids

The operationof a nodemakingataskannouncemeris thengivenin the scheméebelonv wherethere
isachangeo ContractNet, but nochangeo AllContracts. A nodethatissuesataskannouncement
mustbe an agent. Note that the variableswith a 7 sufiix indicateinputs The secondpart of the
schemaspecifieghatthe recipientsandthe sendemustbe nodes thatthe taskmustbe in the goals
of the senderandthatthe sendemustnot be ableto satisfythe eligibility requirement®f the task
alone.Finally, thetaskannouncemeris addedo the setof all taskannouncementgndanemptyset
of bidsis associateavith it.

__ MakeTaskAnnouncement
A ContractNet
EAllContracts
m? : ContractAgent
taskann? : TaskAnnouncement

m? € nodes

taskann?.recs C nodes

taskann?.sender = m?

taskann?.task € m?.goals

= ((taskann?.eligibility.capabilities C m?.capabilities) N
(taskann?.eligibility.attributes C m?.attributes))

taskannouncements’' = taskannouncements U {taskann?}

bids' = bids U {(taskann?,{})}

In responseo ataskannouncemeng nodemay make a bid. The schemabelav specifieghata
nodemakinga bid mustbe oneof thereceversof thetaskannouncementhatit mustbe eligible for
thetask,thatit is interestedn performingthetask,andthatit is notthe senderAs aresultof anode
makinga bid, the setof taskannouncementdoesnot change put the bids associateavith the task
announcemerdreupdatedo includethe new bid.
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___MakeBid
A ContractNet
con? : CNode
bid? : Bid
ta? : TaskAnnouncement

bid?.cnode = con?

con? € nodes

ta? € taskannouncements

con? € ta?.recs

ta?.eligibility. capabilities C bid?.eligibility.capabilities
ta?.eligibility. attributes C bid?.eligibility.attributes
interested con? (ta?.task) = True

con? # ta?.sender

taskannouncements' = taskannouncements

bids' = bids @ {(ta?, bids ta? U {bid?})}

5.2.3 Making and Breaking Contracts

After receving bids, the issuerof a taskannouncemerawardsthe contractto the highestratedbid.
Thenodethatmalestheawardmustbethenodethatissuedhetaskannouncemengndthebid thatis
selectednustbein the setof bidsassociateavith thetaskannouncementn orderto choosethe best
bid, the Rating functionis usedto provide a naturalnumberasanevaluationof a bid with respecto
ataskannouncemeniThusthebid with the highestratingis selected After makinganaward,the set
of all contractss updatedo includea new contractfor the particulartaskwith theissuerof thetask
announcemerdasmanagerandthe awardedbidderascontractor wherethe contractoris instantiated
from the old nodeasa new agentwith the additionaltaskof the contract. Notice thatthe contractor
waspreviously eithera neutralobjectin which caseit now becomesgnstantiatechsa contractagent,
or acontractagentandnow becomesnstantiatecasa new contractagent. Thetaskannouncemeris
now satisfiedandremovedfrom the systemandthe setof bidsis updatedaccordingly

__ MakeAward
A ContractNet

m? : ContractAgent

ta? : TaskAnnouncement

bid? : Bid

Rating : TaskAnnouncement — Bid — N

m? = ta?.sender
bid? € bids ta?
Vb: Bid | b € bids ta? e Rating ta? bid? > Rating ta? b
contracts' = contracts U

{makecontract ta?.task m? (NewAgent bid?.cnode ta?.task)}
contractagents’ = contractagents \

{bid?.cnode} U { NewAgent bid?.cnode ta?.task}
taskannouncements’ = taskannouncements \ {ta?}

bids' = bids \ {(ta?, bids ta?)}
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Thefunctionsmakecontract and NewAgent aredefinedasfollows.

makecontract : Task - ContractAgent + CNode - Contract

Vit : Task; m : ContractAgent; ¢ : CNode; con : Contract e
makecontract t ¢ m = con < t € (m.goals) A m # ¢ A
con.task =t A con.manager = m A con.contractor = NewAgent c t

NewAgent : Object — Goal — ServerAgent

Y g : Goal; old : Object; new : ServerAgent e
NewAgent old g = new < new.goals = old.goals U {g}
A new.capabilities = old.capabilities N\ new.attributes = old.attributes

Finally, a managercanterminatea contractwherethe contractis removed from the setof all
contracts. Whilst the contractorwill remove the task from its set of goalsthe managemwill not,
sinceit may still be a contractorfor thattask or the monitor of the goal. The goal is thereforere-
maoved only from the goalsof the contractoragent. If this nodeis still an agent,therewill be no
changeo contractagents, but if the nodepreviously hadonly onegoalthenit will beremovedfrom
contractagents sinceit is nolongeranagent.

5.3 Application 3: SocialDependenceNetworks

As statedabove, dependenceetworks are structureshat form the basisof a computationaimodel
of SocialPower Theory They allow agentsto reasomabout,andunderstandthe collective groupof
agentghatmake up the multi-agentworld in which they operate This sectionintroducesdependence
networksandexternaldescriptionsgatastructuresisedto storeinformationaboutotheragentspased
onthework reportedby Sichmaretal. [49].

Externaldescriptionsstoreinformationaboutotheragents andcomprisea setof goals,actions,
resourcesndplansfor eachsuchagent. The goalsarethosean agentwantsto achieve, the actions
arethoseanagentis ableto perform,theresourcesrethoseover which anagenthascontrol,andthe
plansarethoseavailableto the agent,but usingactionsandresourceshatarenot necessarilyowned
by the agent. This meanghat oneagentmay dependon anotherin termsof actionsor resourcesn
orderto executea plan.

First,we briefly describeheoriginal work, andthenreformulatet in our framevork. Thefollow-
ing descriptionandreformulationis basedon work previously presentedn [17].

An agents is denotedby ag;, andary suchagenthasa setof external descriptionsof all of the
otheragentdn theworld, denotedoy

def
Ertog, = U?:l Eztog;(ag;)
where

def
Extagi(agj) = {Gagi(agj)aAag;(agj)aRagi(agj)apagi(agj)}

suchthat

Gag; (agj) is thesetof goals
Aqg; (ag;) is thesetof actions
Rqg;(ag;) isthesetof resources
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P,y (ag;) is thesetof plans

thatagent: believesagent; has.

Notice thatanagenthasa modelof itself aswell asothers. The authorsadoptwhatthey call the
hypothesi®of external descriptioncompatibility which stateghatary two agentswill have precisely
the sameexternaldescriptionof ary otheragent.Thisis statedasfollows.

Extagi(agi) = Ea;tagj (ags) A Eﬁagi(“!]j) = Eﬁtagj(agj)

Now, P, (ag;, gx) representshe set of plansthatagent: believesthatagent; hasin orderto
achieve thegoal g;. Eachplanwithin this setis givenby pqg, :

def
Pag, (09i, 9%) = {9k R(Pag;, (agj, 9r)), T(Pag, (agj, 9x))}

whereR(pag, ) representshe setof resourcesequiredfor the planand(pag,, ) is a sequence of
instantiatedactionsusedin this plan. Eachinstantiatedactionwithin a planis definedby the action
itself andthe setof resourcesisedin theinstantiationof this action:

. def
im (Pag;, (097, 9%)) = {am, Ra,,(Pag;, (agj, 95))}

5.3.1 Reformulating DependenceNetworks

We caneasilyreformulatethis work in our framework. In thetheoryof socialdependenceetworksa
planis takento beatotal orderon primitive actions.

SDNplan == seqAction

We take aresourceao be someentity — anobject,agentor autonomousigent.
Thedefinition of a planningagentfor this work is thena simplified versionof the generalmodel
givenearlier

— SDNplanningAgent
Agent
plans : P SDNplan
planforgoal : Goal — P SDNplan

planbase : P SDNplan
goalbase : P Goal
passiveplanforgoal : Goal — P SDNplan

goals C domplanforgoal
U(ranplanforgoal) = plans
goalbase C dompassiveplanforgoal
U(ranplanforgoal) = planbase

At this point we arenow in a positionto specify an external description In orderto do this,
we mustrefinethis definition of a planningagentby including threeadditionalvariables. Thefirst,
ownedresources, representdhe set of resourcesan agentowns. The second,instsreq, models
the set of resourcemneededto instantiatean action within a plan. The third, redundantvariable,
resourcesofplan, is includedfor readabilityandrecordsthetotal setof resourcesequiredby a plan.
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Therearetwo predicatesn thelower partof the schemaywhich relatethe variablesn theschema
asfollows: strippingthe setof entitiesaway from eachinstantiatedactiongivesthe original plan;and
theresource®f a planarethe union of eachof the setsof entitiesassociatedavith eachactionof the
plan.

__ ExternalDescription
SDNplanningAgent
ownedresources : P Entity

instsreq : SDNplan — (sed Action x P Entity))

resourcesofplan : SDNplan — P Entity

plans = mapset (mapseq first) (ran instsreq)
V p : SDNplan e resourcesofplan p = |J(ran(mapseq second (instsreq p)))

Now, sinceevery externaldescriptionof anagentis the same we canmodelthe formalismvery
simply. An agent,A4, hasassociatedvith it anexternaldescriptionwhichis preciselythe modelthat
every agent(including agentA) hasof agentA (accordingto the hypothesisof externaldescription
compatibility).

EzxtDes
Fea:tdes : Agent -+ ExternalDescription

Presentinghe modelwithin the formal framevork highlightssomeapparendifficulties with the
original formalism. First, the distinction betweena resourceand an agentis not clear This is an
importantdistinction sincethe natureof a plan assumeshatall of the resources of an actionhave
alreadybeenidentified, but the agentsthat could possibly perform someaction have not. Second,
it is limiting in its representationf planssincesimultaneousctionscannotbe representedin the
multi-agentworld thisis particularlylimiting becaus@o two agentsanthenperformthe sameaction
simultaneouslyThird, the notionof owneshipin theseexternaldescriptionss notclear Presumably
we shouldtake it to meanthat an agentownsanotherentity, if, for whatever the reason that entity
canbe usedfor any actionwithin its capabilitieswheneer the agentrequiresit. This is too strong,
sinceit becomesmpossibleto representhe no notionof asharedesourceandclearly amuchricher
notionof ownershipis requiredn general Finally, thehypothesi®f externaldescriptioncompatibility
ensureghatary two agentswill agreeon the modelof themselesandeachother However, atruly
autonomousgsgentwill haveits own view of theworld aroundit, whichmaybeamaorelationto another
agents interpretationof its world, and cannever know the plansandgoalsof anotheragent;it may
only infer themby evaluatingthe behaiour of the otheragent.

In responsedo theseproblems,we usethe SMART framewnork describedearlier to ensurethat
an autonomousagentwill have their own model of the world and,in addition,we allow for plans
containingconcurrentactions. The agenthierarchyallows us to be muchcleareraboutthe natureof
thesocialrelationships— suchasownership— whichwill dependnthetypesof entitiesandthegoal
dependencaetworksthatexist betweerentitiesin the environment. Further usingthe hierarchy we
do not have to arbitrarily distinguishagentdrom resourceshut insteadconsideragentswith different
functionalities. In this way we canprovide a clearerand moreintuitive representationf the social
structuresn theworld sincea planningagentwould have to considemerelythe setof agents thatare
requiredin aplan.
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An agentag; will beaaut for agivengoal g;, accoding to a setof plans Py
if thereis a planthatachie/esthis goalin this setandevery actionappearingn this plan
belongsto A(ag;):

An agentag; will beraut for agivengoal g;, accoding to a setof plans P,
if thereis aplanthatachie/esthis goalin this setandevery resourceappearingn this plan
belongsto R(ag;):

An agentag; will besaut for agivengoal g;, accoding to a setof plans P
if heis bothaaut andraut for this goal.

Tablel: Original Definition of Action andResourceAutonomy

o
@
=)

gr € G(ag;) Ipi € Por Vi € (pi) € I (pix) am € A(agi) (9.6)
Jgr € G(ag;) Ipik € Por ¥V rm € R(pix ) m € R(ag;) (9.7)

aqut (agis 9, Pyk)
raut(agi, 9k qu)
saut(agia 9k, qu)

[
@
i

[N
[e]
h

aaut(a'gi’gkquk> A raut(a’gi’gkaqu>

Table2: Original Formalisationof Action andResourcéAutonomy

5.3.2 Definitions of Autonomy

UsingexternaldescriptionsSichmanetal. distinguishthreedistinct categoriesof autonomyreferred
to asaaut, raut andsaut. Accordingto thesedefinitionsagentsare autonomousf they have the
necessargapabilitiesandresources$o achiere agoalandsodo not needthe helpof others.

The original definitionsandtheir formal representationas presentedy Sichmanat al. canbe
foundin Tablel and Table 2, respectiely. However, thereare a numberof difficulties with them.
First, the textual definitionsareslightly deceptie since Py, is anabbreiation of P, (ag,, gx) and
represents very specificsetof plansratherthanary setof plans. It representshe setof plansthat
ag; believesthatagentag, hasto achiave thegoal g,. Further sinceeveryplanin this setnecessarily
achieres g, thetextual definitionincludesunnecessargedundang. All thatis necessarys that P
is non-empty

The definition of the cateyory saut is alsodeceptve. An agentis in this category if, within the
setof plansbeinganalysedthereis oneplanthatcontainsactionswithin the agents capabilitiesand
anothemplanthatinvolvesresourcesll ownedby theagent.However, thereis no stipulationthatthese
plansarethe same.In otherwords,anagentcanbesaut for a goal,andstill notbeableto achieve it,
sincetheremay be no specificplan thatrequiresjust the capabilitiesand resource®f thatagent.In
this situation,all planswould theninvolve eitherthe resource®r the capabilitiesof otheragentsso
it makeslittle senseo saythatthe agentis autonomousvith respecto this goalwhenit necessarily
depend®n others.

To addressheseconcernsve provide slightly alteredtextual definitionsthatrelatemorestrongly
to the original SDN formalisms. An agentis a-autonomoudor a given goal accordingto a setof
plansof anotherto bring aboutthatgoalif thereis a planin this setthatachie/esthe goal,andevery
actionin this planbelongsto the capabilitiesof the agent.An agentis r-autonomougor a givengoal
accordingo a setof plansof anotherto bring aboutthatgoalif thereis a planin this setthatachieres
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the goal, andevery resourcerequiredby the planis ownedby the agent. An agentis s-autonomous
for agivengoalif it is botha-autonomougandr-autonomous

In thefollowing schemaywe definethesethreeclasse®f autonomyusinganew relation,achieves.
The predicateachieves (a, g, ps), holdspreciselywhenanagent,a, hasgoal, g, andthe non-empty
setof plansassociatedvith g in orderto achieveit, is ps.

Thusin theschemabelaw, thefirst predicatestateghatanagent,a, is a-autonomousvith respect
to somesetof plans,ps, if andonly if thereis someagent,c, with goal, g, andplans,ps, to achieve g
suchthatsomeplan,p in ps, containsactionsall in thecapabilitiesof a. Similarpredicatearespecified
for r-autonomousinds-autonomoudrinally, theachieves predicates specifiedasdescribedabore.

_ AutonomyRelations
EztDes
aaut _, raut _, saut _, achieves _:[P(Agent x Goal x P Plan)

Va: Agent; g: Goal; ps: P Plan e

aaut (a, g,ps) <

(3¢ : Agent o achieves (c, g,ps)) A

(Ip : ps e (ranp C (extdes a).capabilities)) A
raut (a, g, ps) &

(3¢ : Agent o achieves (c, g, ps)) A

(3p : ps o ((extdes a).resourcesofplan p C

(extdes a).ownedresources)) A
saut (a, g,ps) &
aaut (a,g,ps) A raut (a,g,ps) A

achieves (a, g, ps) <

g € (extdes a).goals N

(g,ps) € (extdes a).planforgoal N

ps#1{}

Considetthedefinitionof achieves givenabove andin particular theexpressiory € (extdes a).goals.
This stateghatanagentcanonly reasorwith respecto a setof plansassociateavith a currentgoal
(i.e. onethatit desires).However, it is not clearwhetherthis relationis with respectto goalsthe
agentdesiresor to its goal basein which casethe predicatewould readg € (eztdes a).goalbase.
Formalisingsuchnotionswithin the framewvork allows usto isolatesuchambiguities.

Accordingto thesedefinitions,if agentsareautonomousthenthey maynotdependfor resources
or actions,on otheragents.Consequentlythe factthata pocket calculatorhasthe resourcesandthe
actionsnecessaryor addingsomenumbersmalkesit autonomousThis is in marked contrastto our
own definitionwhichinsiststhatanautonomousgentshouldbe ableto genegateits own goals.

5.3.3 DependenceRelations

Now we canconsidetthetypesof dependenciethatexist betweeragents An agent,A, a-dependsn
anotheragent,B, for a givengoal, g, accordingto somesetof plansof anotherto achieve g, if it has
g asagoal,is nota-autonomousor g, andatleastoneactionusedin this planis in B’s capabilities.
An agent, A, r-dependon anotheragent, B, for a givengoal, g, accordingto somesetof plansof
anotherto achieve g, if it hasg asagoal,is notr-autonomougor g, andatleastoneinstantiationused
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in this planis ownedby B. An agent,4, s-dependsnanothemagent,B, for agivengoal, g, if it either
r-depend®r a-dependsn B.

Thefirst predicaten the schemabelov stateghatgiventwo agentsga andb, agoal, g, anda set
of plansaccordingto which a is not a-autonomousvith respecto g, ¢ a-dependsn b for g with
respecto ps, if andonly if thereis someagent,c, with thegoal, g, andplansto achieve g, ps, such
thatno planin ps hasanactionin the capabilitiesof agentb.

_ DependencyRelations
AutonomyRelations
P(Agent x Agent x Goal x IP Plan)

Va,b: Agent; g : Goal; ps: P Plan |
a# b A (g€ (extdes a).goals) e
adep (a, b, g,ps) &
- aaut (a,g,ps) A
(Jc: Agent o
achieves (¢, g, ps) A

(U{p : ps e ranp}n
(extdes b).capabilities # { })) A

rdep (a, b, g, ps) &
- raut (a,g,ps) A
(Fc: Agent o
achieves (c, g, ps) A
(3p : ps e ((extdes c).resourcesofplan p)N
(extdes b).ownedresources # { })) A

sdep (a,b,g,ps)
adep (a,b,g,ps) V rdep (a,b,g,ps)

Thisreformulationalsohighlightssomedifficulties. It makeslittle senseo saythatl a-dependn
anagentfor somegoalif the actionsthatachie/e thatgoalarein my capabilities.Similarly, it makes
little senseo saythat!| r-dependon someagentfor someresourcef thatresourcas alsoownedby
myself. (It is notmadeclearin thepaperbut it is possiblehatthework is assuminghatno two agents
canshareanactionor aresourceaventhoughthis would be severelylimiting.)

A moreintuitive definitionmightbe

adep (a, b, g,ps) &
(3c: Agent o
achieves (c, g, ps) A
(Ja:(U{p:pseranp} e
a € (extdes b).capabilities N
a & (extdes a).capabilities)))

However, evenwhenanagentis capableof someactionof which | amnot capable andwhich |
requirefor someplan, it still makeslittle sensdo saythereis adependeng It is moreappropriateo
saythatthereis a possibility of thatagentbeingableto helpin achiezing a goal. Thereis no doubt
thatsuchreasoningvill beusefulin certainsituations.

A betternotion of actualdependencwith respecto a goal, would beif everyplanin the setof
plansrequiredsomeagents assistanceT hustherewould be arealdependencon this agentin order
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to achieve thegoal. (Notethatthisis a dependencbasednthegoalsanagentmustachieve. It is not
asolelyaction-basedotionof dependengc)

adep (a, b, g,ps) &
(Jc: Agent o
achieves (¢, g, ps) A
(Vp:pseJa:ranp e
a € (extdes b).capabilities N
a ¢ (extdes a).capabilities)))

Theserelationsprovide anagentwith the structureghatcanbe usedto reasoraboutotherswith a
view to choosingan appropriatecourseof actionin the contet of its dependenciesn others’goals,
plans,resourcesand so on. We believe that social dependencaetworks constitutean important
theoreticabasisin studyingthe natureof the dependencieagentanayhave on eachother andin this
sectionwe have shavn how we have beenableto isolateinconsistencieandambiguitiesn thetheory
by reformulatingit within our framevork.

6 Discussion

6.1 RelatedWork

Thereis afair amountof relatedwork in relationto the effort to provide specification®f multi-agent
systemsandseveralapproachet conceptual-ieel specificatiorhave beenrecentlyproposedUnlike

the general-purposéormal specificationlanguageapproachadoptedin this paper DESIRE [5], for

example,offersacompositionatlevelopmentmethodwith well-structureccompositionablesignghat
is claimedcanbespecifiedata higherlevel of conceptualisatioandimplementedautomaticallyusing
automategbrototypegeneratorsEssentiallyDESIRE offersanexecutablespecificatiorframawork for

knowledge-basedystemsthatcanbereadilyappliedto agent-basedystems.

In [43], DESIRE is comparedwith the ConcurrentMETATEM programminglanguage another
relatedeffort. In ConcurrentM ETATEM, an agentis programmedy giving it an executablespeci-
fication of its behaiour, wheresucha specifications expressedasa setof temporallogic formulae
of theform past = future. Executionof theserulesproceeddy matchingthe pasttime antecedents
of temporallogic rulesagainstfuturetime consequentsry rulesthatfire thenbecomecommitments
which theagentmustsubsequentlattemptto satisfy ConcurrentM ETATEM canthusbeusedto en-
codeadMARS-like interpreterasasetof ConcurrenM ETATEM rules. Thesamepaperalsoprovides
anencodingof anabstracBDI interpreterusing DESIRE thoughhereit is lesseasyto representhe
corebehaiour of asmallbut powerful agentin a concisemanner

Otherdevelopmentmethoddor the specificatiorof multi-agentsystemshatcommitto a specific
agentarchitecturéhave alsobeenproposedsuchas[34] basedntheBDI agentarchitecturetogether
with object-orientediesignmethods A moredetailedcomparisorandevaluationof agentmodelling
methodsjncluding DESIRE, Z/SMART andothersis availablein [48, 47)].

6.1.1 Conclusions

The lack of a commonunderstandingind structurewithin which to pursueresearchin multi-agent
systemss setto hamperthe further developmentof the field if efforts are not madeto addresst.

This paperhasdescribedone sucheffort, which aimsto provide a frameavork that will allow the
developmentof diversemodels theoriesandsystemsall relatedwithin a singleunifying whole. The
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requirementshatwe have setout for formal framewvorksin generabresatisfiedoy thework reported
here,andtheadequay of our formal framework is demonstratetly elaboratingandrefiningit sothat
we canpresentnodels bothexisting, well-knowvn implementedystemsandnew, theoreticaimodels.
In addition,we canconstructabstracgeneraimodelsof agentsanddefinethe relationshipsetween
themsothattheseconceptsnaybeappliedto modelsat higherlevels of detail.

The incrementaldevelopmentof our work hasbeenfacilitatedin Z by usingschemanclusion.
This canhelp ensurethatat eachnew abstractiorevel, only the necessaryletailsrequiredto define
an agentsystemat that level are introducedand considered. In addition, nexv information canbe
formally relatedto existing information from previous levels. SMART provides a whole rangeof
levels of abstractiorthatareformally related,enablingthe mostsuitableabstractionevel to be more
readilyselectedor thetaskat hand.

This paperdravs togethemary differentaspect®f ourwork, spanningarangeof levels of detail
andabstractionandcovering mary differentnotionsandsystemslif thefield of multi-agentsystems
is to progressin arigorous,disciplinedand, perhapsmostimportantly accessiblavay, then efforts
suchasthis, which seekto provide a commonunifying foundationfor a diversebody of work, are
critical.

References

[1] R. Aylett and M. Luck. Applying artificial intelligenceto virtual reality: Intelligent virtual
environments.AppliedAtrtificial Intelligence 14(1),to appear2000.

[2] J.P. Bowen. Formal Specificatiorand DocumentatiorusingZ: A CaseStudyApproad. Inter
nationalThomsonComputerPress;1996.

[3] J.P.Bowen,S.Fett,andM. G. Hinchey, editors.ZUM’98: TheZ Formal SpecificatiorNotation,
11th International Confeenceof Z Users, Lectuie Notesin ComputerScience volume 1493.
SpringefVerlag,1998.

[4] J.P.Bowen,M. G.Hinchey, andD. Till, editors.ZUM'97: TheZ Formal SpecificatiorNotation,
10th International Confeenceof Z Users, Lectue Notesin ComputerSciencevolume 1212,
SpringefVerlag,1997.

[5] F. Brazier B. Dunin Keplicz, N. JenningsandJ. Treur Formal specificationof multi-agent
systems:A real-world case. In Proceedingsof the First International Confeenceon Multi-
AgentSystemgpage25-32,Menlo Park, 1995.AAAIl Presd MIT Press.

[6] J.A. CampbellandM. d’'Inverno. Knowledgeinterchangeprotocols.In Y. DemazeawandJ.-R
Muller, editors,Decentalized Al: Proceedingsof the First EuropeanWorkshopon Modelling
Autonomoufgentsin a Multi-AgentWorld, pages3—-80.Elsevier, 1990.

[7] C. Castelfranchi. Social power. In Y. Demazeawand J.-R Miller, editors,Decentalized Al
— Proceedingof the Fir st EuropeanWorkshopon Modelling AutonomousAgentsin a Multi-
AgentWorld (MAAMAN-89), pagesA9—-62.Elsevier SciencePublishersB.V.: Amsterdam,The
Netherlands1990.

[8] C.CastelfranchiM. Miceli, andA. Cesta.Dependenceelationsamongautonomousgents.In
E. WernerandY. Demazeaueditors,Decentealized Al 3 — Proceeding®f the Third European

35



Workshopon Modelling Autonomoug\gentsin a Multi-AgentWorld (MAAMAN-91), page<15—
231.Elsevier SciencePublishers.V.: Amsterdam;The Netherlands1992.

[9] B.Chaib-draalndustrialapplicationsof distributedai. CommunicationsftheAMC, 38(11):49—
53,1995.

[10] B. Chellas.Modal Logic: An Introduction CambridgeUniversity Press:CambridgeEngland,
1980.

[11] B. Crabtree. What chancesoftware agents? Knowled@ EngineeringReview, 13(2):131-136,
1998.

[12] R.Davis andR. G. Smith. Negotiationasa metaphoifor distributedproblemsolving. Artificial
Intelligence 20(1):63—-1091983.

[13] M. d’Inverno. Agents,Agencyand Autonomy: A Formal ComputationalModel PhD thesis,
University College London,University of London,1998.

[14] M. d’Inverno, M. Fisher A. Lomuscio,M. Luck, M. de Rijke, M. Ryan,andM. Wooldridge.
Formalismsfor multi-agentsystems Knowled@ EngineeringReview, 12(3):315-3211997.

[15] M. d’Inverno, D. Kinny, andM. Luck. Interactionprotocolsin agentis. In ICMAS’98, Third
International Confeenceon Multi-Agent Systemspagesl12-119,Paris, France,1998.|IEEE
ComputerSociety

[16] M. d’Inverno, D. Kinny, M. Luck, and M. Wooldridge. A formal specificationof dMARS.
In Intelligent AgentslV: Proceedingof the Fourth InternationalWorkshopon Agent Theories,
ArchitectuesandLanguages volume1365,pagesl55-176 SpringerVerlag,1998.

[17] M. d’InvernoandM. Luck. A formal view of socialdependencaetworks. In C. Zhangand
D. Lukose,editors,DistributedArtificial IntelligenceArchitectue and Modelling: Proceedings
of theFir st Australian Workshopon DistributedArtificial Intelligence Lectue Notesin Artificial
Intelligence volume1087,pagesl 15-129 SpringerVerlag,1996.

[18] M. d'InvernoandM. Luck. Engineeringagentspeak(l)A formal computationamodel. Logic
and Computation8(3):233-2601998.

[19] M. d’Inverno, M. Priestlg, and M. Luck. A formal framavork for hypertext systems. IEE
Proceedings Softwae Engineeringlournal, 144(3):175-184June,1997.

[20] E. A. EmersonandJ. Y. Halpern. ‘Sometimes’and ‘not never’ revisited: on branchingtime
versudineartime temporallogic. Journal of the ACM, 33(1):151-1781986.

[21] O.Etzioni,H. M. Levy, R. B. Segal,andC. A. Thekkath.Thesoftbotapproacho osinterfaces.
IEEE Softwae, 12(4),1995.

[22] M. R. GeneseretandS.P. Ketchpel.Softwareagents.Communicationsfthe ACM, 37(7):48—
53,1994.

[23] M. R. GeneseretandN. Nilsson. Logical Foundationsof Artificial Intelligence MorganKauf-
mann,1987.

36



[24] R. Goodwin. A formal specificationof agentproperties. Journal of Logic and Computation
5(6),1995.

[25] S.GrandandD. Cliff. CreaturesEntertainmensoftwareagentswith artificial life. Autonomous
Agentsand Multi-Agent Systemgsl(1):39-57,1998.

[26] R. H. Guttman,A. G. Moukas,andP. Maes. Agent-mediatedlectroniccommerce:a suney.
Knowledg EngineeringReview, 13(2):147-1591998.

[27] 1. J.Hayes(Editor)SpecificatiorCaseStudiesPrenticeHall, HemelHempsteadsecondedition,
1993.

[28] C. A. R. Hoare. CommunicatingsequentiaprocessesCommunication®f the ACM, 21:666—
677,1978.

[29] N. R.JenningsP. Faratin,M. J. JohnsonP. O’'Brien, andM. E. Wiegand.Agent-basedbusiness
processnanagementnternationalJournal of Coopeative InformationSystemsb(2 & 3):105—
130,1996.

[30] N. R.JenningsK. SycaraandM. Wooldridge.A roadmaypof agentresearclanddevelopment.
Autonomou®gentsand Multi-Agent Systemsl (1):7—38,1998.

[31] N. R.JenningsandT. Wittig. ARCHON: Theoryandpractice. In Distributed Artificial Intelli-
gence:TheoryandPraxis pagesl79-195ECSC,EEC,EAEC, 1992.

[32] W. L. JohnsorandB. Hayes-Rotheditors. Proceeding®f the First International Confeence
on Autonomougents ACM Press]1997.

[33] C.B.JonesSystematiSoftwae DevelopmentisingVDM (secondedition) PrenticeHall, 1990.

[34] D. Kinny, M. Geogeff, andA. Rao. A methodologyand modellingtechniquefor systemsof
BDI agents. In Y. Demazeawand J.-R Mdller, editors, Agents Breaking Away: Proceedings
of the SeventhEuropeanWorkshopon Modelling AutonomousAgentsin a Multi-Agent World,
LNAI 1038 pagess6—-71.SpringefVerlag,1996.

[35] D. KuokkaandL. Harada. Matchmakingfor informationagents.In Proceedingf the Four-
teenthInternational Joint Confeence on Atrtificial Intelligence (IJCAI-95), pages672—-679,
Montréal, Quebec,CanadaAugust1995.

[36] Kevin Lano. TheB Languae andMethod: A guideto Practical Formal DevelopmentSpringer
Verlag,1996.

[37] Y. Lashkari,M. Metral, and P. Maes. Collaboratve interface agents. In Proceedingsof the
Twelfth National Confeenceon Artificial Intelligence pagesA44—-449,1994.

[38] M. Luck. Fromdefinitionto deployment: Whatnext for agent-basedystems?TheKnowledg
EngineeringReview, pagesl19-1241999.

[39] M. Luck andM. d’Inverno. A formal frameavork for ageng andautonomy In Proceedingof
the Fir st International Confeenceon Multi-Agent Systemspages254-260AAAI Presd MIT
Press1995.

37



[40]

[41]
[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

M. Luck andM. d’Inverno. A conceptuaframevork for agentdefinitionanddevelopment.The
ComputerJournal, To Appear(2001).

R. Milner. Communicatiorand Concurency PrenticeHall, 1989.

B. G. Milnes. A specificatiorof the Soararchitecturen Z. TechnicalReportCMU-CS-92-169,
Schoolof ComputerScienceCarngjie Mellon University 1992.

M. Mulder, J. Treur, and M. Fisher Agent modellingin concurrentMETATEM and DESIRE.
In Intelligent AgentslV: Proceeding®f the Fourth InternationalWorkshopon Agent Theories,
ArchitectuesandLanguaes,LNAI 1365 pagesl93—-207 Springey 1998.

H. Van Dyke Parunak.Applicationsof distributedartificial intelligencein industry In G. M. P.
O’Hare and N. R. Jennings.editors, Foundationsof Distributed Artificial Intelligence pages
139-164 Wiley, 1996.

H. Van Dyke Parunak. Whatcanagentsdo in industry andwhy? anoverviewn of industrially-
orientedr&d at cec. In M. Klusch and G. Weiss,editors,Coopeative Information AgentslI,
Lecture Notesin Artificial Intelligencel435 pagesl—18.Springey1998.

A. S.Rao.AgentSpeak(L)BDI agentspeakoutin alogicalcomputabléanguageln W. Vande
VeldeandJ. W. Perram editors,AgentsBreakingAway: Proceeding®of the SeventhEuropean
Workshopon Modelling Autonomoug\gentsin a Multi-AgentWorld, (LNAI Volumel038) pages
42-55.SpringerVerlag: Heidelbeg, Germary, 1996.

O. ShehoryandA. Sturm. Evaluationof agent-basedystemmodelingtechniques.Technical
Report TR-ISE/IE-003-2000Faculty of Industrial Engineeringand ManagemeniTechnion—
Israellnstituteof Technology2000.

O. Shehoryand A. Sturm. Evaluationof modelingtechniquedor agent-basedystems. In
Proceeding®ftheFifth InternationalConfeenceon Autonomoug\gents page$24-631ACM
Press2001.

J. S. Sichman,Y. DemazeauR. Conte,and C. Castelfranchi. A socialreasoningmechanism
basedon dependencaetworks. In ECAI 94. 11th EuropeanConfeenceon Artificial Intelli-
gence pagesl88-192.JohnWiley andSons,1994.

J.S. SichmanandYvesDemazeauExploiting socialreasoningo dealwith ageng level incon-
sisteng. In Proceedingof the First International Confeenceon Multi-Agent Systemspages
352-359 Menlo Park,1995.AAAIl Presd MIT Press.

R. G. Smith. The contractnetprotocol: High-level communicatiorandcontrolin a distributed
problemsolver. IEEE Transactionon Computes, 29(12):1104-11131980.

R. G. SmithandR. Davis. Framavorksfor cooperationin distributed problemsolving. IEEE
Transaction®n Systemgylan and Cybernetics11(1):61-701981.

M. Spwvey. TheZ Notation(secondedition) PrenticeHall International: HemelHempstead,
England,1992.

C. Toomgy and W. Mark. Satelliteimagedisseminatiorvia software agents. IEEE Expert
10(5):44-511995.

38



[55] M. Weber CombiningStatechartandZ for thedesignof safety-criticalcontrolsystemsin M.-
C. GaudelandJ. C. P. Woodcock,editors,FME’96: Industrial Benefitand Advancesn Formal
Methods volume1051of Lectuie Notesin ComputerSciencepages307—-326 FormalMethods
Europe,SpringefVerlag,1996.

[56] W. WenandF. Mizoguchi. Analysisand verification of multi-agentinteractionprotocols. In
Proceeding®f IEEE APSEC’99 pages252—259 TakamatsuJapan,1999.

[57] D. Wong,N. Paciorek,andD. Moore. Jasa-basednobile agents.Communicationsf the ACM,
42(3):92-1021999.

[58] M. WooldridgeandN. JenningsThecooperatie problemsolvingaprocessJournal of Logic &
Computation9, 1999.

[59] M. J. Wooldridgeand N. R. Jennings. Intelligent agents: Theory and practice. Knowlede
EngineeringReview, 10(2),1995.

39



