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Abstract. TheProceduraReasoningystemPRS)is the bestestablishedgent
architecturecurrently available. It hasbeendeployedin mary major industrial
applicationsrangingfrom fault diagnosison the spaceshuttleto air traffic man-
agementndbusinesgprocessontrol. The theoryof PRS-likesystemshasalso
beenwidely studied:within theintelligentagentgesearcltommunity thebelief-
desire-intention(BDI) model of practicalreasoningthat underpinsPRSis ar
guablythedominantforcein the theoreticafoundationsf rationalageng. De-
spitetheinterestin PRSandBDI agentsno completeattempthasyetbeenmade
to preciselyspecifythe behaviour of real PRSsystemsThis hasled to thedevel-
opmentof arangeof systemghatclaimto conformto the PRSmodel,but which
differ from it in mary importantrespectsOur aim in this paperis to rectify this
omission.We provide an abstractformal modelof anidealiseddMARS system
(themostrecenimplementatiorof thePRSarchitecture)which preciselydefines
thekey datastructuregpresentvithin thearchitecturendthe operationghatma-
nipulatethesestructuresWe focusin particularondMARS plans sincetheseare
thekey tool for programmingdMARS agentsThe specificationwe presentwill
enableotherimplementation®f PRSto beeasilydevelopedandwill seneasa
benchmarlagainswhich futurearchitecturaenhancemenisanbe evaluated.

1 Intr oduction

Sincethe mid 1980s,mary control architecturedor practicalreasoningagentshave
beenproposed19]. Most of thesehave beendeployedonly in limited artificial envi-
ronmentsyery few have beenappliedto realisticproblemsandevenfewer have led to
the developmentof usefulfield-testedapplicationsThe mostnotableexceptionis the
ProceduraReasoningystemPRS).Originally describedn 1987[7], thisarchitecture
hasprogressedrom an experimentalL1sp versionto a fully fledgedc++ implemen-
tation known asthe distributedMulti-Agent ReasoningSystem(dMARS), which has
beenappliedin perhapghe mostsignificantmulti-agentapplicationsto date[8]. The
PRSarchitecturenasits conceptuatootsin the belief-desire-intentiofBDI) modelof
practicalreasoningdevelopedby Michael Bratmanand colleaguegl], andin tandem



with the evolution of the PRSarchitecturaénto anindustrial-strengtiproductionarchi-
tecturethetheoreticafoundation®f theBDI modelhave alsobeencloselyinvestigated
(seege.q.,[12] for asurey).

Despitethesuccessf the PRSarchitecturein termsof bothits demonstrablappli-
cability to real-worldproblemsandits theoreticafoundationstherehasto datebeenno
systematiattemptto unambiguoushdefineits operation.Therehave, however, been
several attemptsin this direction.For example,in [14], RaoandGeogef give anab-
stractspecificationof the architectureandinformally discussthe extent to which an
embodimenbdf it could be saidto satisfyvariouspossibleaxiomsof BDI theory[12].
However, thatspecificatioris (quitedeliberatelyatahighlevel, anddoesnotlenditself
to directimplementationAnotherrelatedattemptis embodiedby the AgentSpeak(L)
languagedevelopedby Rao[11]. AgentSpeak(L)s a programminganguageéasedon
anabstractiorof the PRSarchitectureirrelevantimplementatiordetailis remaved,and
PRSis strippedto its bareessentialsBuilding on this work, d’InvernoandLuck have
constructech formal specification(in Z [17]) of AgentSpeak(L]3]. This specification
reformalisedfRaos original descriptiorsothatit is couchedn termsof stateandopera-
tionson statethat canbe easilyrefinedinto animplementedsystemIn addition,being
basedn asimplifiedversionof dMARS, the specificatiorprovidesa startingpoint for
actualspecification®f thesemoresophisticatedystems.

In this paper we continueandextendthatwork, by giving anabstracformal spec-
ification of AMARS: the systemuponwhich AgentSpeak(L)s basedIn sodoing,we
provide an operationakemanticfor dMARS, andthus provide a benchmarkagainst
which future BDI systemsandPRS-likeimplementationganbe comparedThe spec-
ification is abstiact in thatimportantaspectof the dAMARS systemareincluded,but
unnecessarimplementation-specifidetailsare omitted. This approachs very simi-
lar to thatof [18], in which aformal specificatiorof the MYWORLD architecturevas
developedusingvDm, aformal specificatiolanguagecloselyrelatedto Z.

Theremainderof this paperis structuredasfollows. First, in Section2 we present
anoverview of thedMARS systemln Section3, we describehe basictypesandprim-
itive component®f the systemandin Sectiond4 we proceedo specifymorecomple
componentincludingplans.The next sectionspecifiesthe dMARS agentandits state,
followed by a descriptionof its cycle of operation.At the end of the paperwe sum-
marisethe contribution madeby this specificationjts relationto previous work, and
prospectdor thefuture.

Notation Thespecificatiorbelow is presentedisingtheZ languagd17]. Z isamodel-
orientedormal specificatiodanguagéasedn settheoryandfirst-orderdogic. Thekey
component®f a Z specificatiorare definitionsof the statespaceof a systemandthe
possibleopeiationsthat transformit from onestateto another Becausef spacecon-
straints,someauxiliary function definitionsare omitted,andonly a very brief account
of bindingis given.A morecompleteaccountof a relatedsystemcanbe foundin [3],
whichprovidesbothanintroductionto Z andmoreexplanationof seseralof theaspects
not coveredhere.The full dMARS specificationis available on requestirom the first
author
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2 An Overview of AMARS

The Procedual ReasoningSystem(PRS)developedby Geogef and Lansky [7] is
perhapsthe best-knavn agentarchitecture Both PRS and its successodMARSare
examplesof a currently popularparadigmknown asthe belief-desie-intention(BDI)
approacH1]. As Figure1 shaws, a BDI architecturgypically containsfour key data
structuresbeliefs,goals,intentionsanda planlibrary.

An agents beliefscorrespondo informationthe agenthasabouttheworld, which
may beincompleteor incorrect.Beliefs maybeassimpleasvariables(in the senseof,
e.g.,PASCAL programs)ut implementedBDI agentgypically represenbeliefssym-
bolically (e.g.,asPrRoOLOG-like facts[7]). An agents desies(or goals,in the system)
intuitively correspondo thetasksallocatedo it. (ImplementedDI agentgequirethat
desiresbe logically consistentalthoughhumandesiresoftenfail in this respect.)The
intuition with BDI systemds thatanagentwill not,in generalbe ableto achieve all
its desiresgven if thesedesiresare consistentAgentsmustthereforefix uponsome
subsebf availabledesiresandcommitresourceso achiezing them.Thesechoserde-
siresareintentions andanagentwill typically continueto try to achieze anintention
until eitherit believestheintentionis satisfied or it believesthe intentionis nolonger
achivable[2]. The BDI modelis operationalisedn dMARS agentsby plans Each
agenthasa plan library, which is a setof plans,or recipes specifyingcoursef ac-
tion that may be undertakerby an agentin orderto achieve its intentions.An agents
planlibrary represent#ts procedual knowledgeor know-how knowledgeabouthow
to bring aboutstateof affairs.



Eachplan containsseveral componentsThe trigger or invocationconditionfor a
plan specifiesthe circumstancesinderwhich the plan shouldbe consideredusually
specifiedn termsof events.For example,the plan“maketea” may betriggeredby the
event“thirsty”. In addition,a plan hasa contet, or pre-condition specifyingthe cir-
cumstancesinderwhich the executionof the plan may commenceFor example,the
plan“maketea” might have the contet “have tea-bags”A planmayalsohave a main-
tenancecondition which characterisethe circumstancethatmustremaintrue while
the planis executing.Finally, a plan hasa body, defininga potentially quite comple
courseof action,which may consistof both goals(or subgoalskndprimitive actions.
Our“tea” planmight have thebodygetboiling water; addtea-bagto cup;addwaterto
cup Here,getboiling wateris a subgoal(somethinghatmustbe achieved whenplan
executionreacheghis point in the plan), whereasadd tea-bagto cup and add water
to cup are primitive actions,i.e., actionsthat can be performeddirectly by the agent.
Primitive actionscanbethoughtof asprocedurealls.

dMARS agentamonitor boththeworld andtheir own internalstate andary events
thatarepercevedareplacedonaneventqueue Theinterpreterin Figurel is responsi-
blefor managingheoveralloperatiorof theagentlt continuallyexecuteghefollowing
cycle:

— obsenre the world and the agents internal state,and updatethe event queueto
reflectthe eventsthathave beenobsered;

— generateen possibledesiregtasks) by finding planswhosetriggereventmatches
aneventin theeventqueue;

— selectfrom this setof matchingplansonefor execution(anintendedmeany;

— pushthe intendedmeansonto an existing or new intention stack, accordingto
whetheror nottheeventis a subgoaland

— selectanintentionstack,takethe topmostplan (intendedmeans)andexecutethe
next stepof this currentplan:if the stepis anaction,performit; otherwisejf it is a
subgoalpostthis subgoabn theeventqueue.

In thisway, whena planstartsexecuting,its subgoalsill bepostedontheeventqueue
which, in turn, will causeplansthat achieve this subgoalto becomeactive, and so
on. This is the basicexecutionmodelof dMARS agentsNote thatagentsdo no first-
principlesplanningat all, asall plansmustbe generatedy the agentprogrammeiat
designtime. Theplanningdoneby agentsonsistentirely of context-sensitve subgoal
expansionwhich is deferreduntil a pointin time at which the subgoalis selectedor
execution.

Othereffortsto give aformal semantic$o BDI architectureincludearangeof BDI
logicsthathave beendevelopedby RaoandGeogef [12]. Theseogicsareextensions
to the branchingtime logic CTL* [5], which alsocontainnormal modal connectves
for representindpeliefs,desiresandintentions Mostwork on BDI logicshasfocussed
on possiblerelationshipdetweerthe three'mental states’[13] and,morerecently on
developingproof methoddor restrictedormsof thelogics[15]. In futurework we will
investigatehe relationshipbetweerthis work andthe operationasemanticglescribed
in this paper



3 Beliefs,Goals,and Actions

We beagin our specificationby defining the allowable beliefsof an agent.Beliefs in
dMARS areratherlike PROLOG facts:they are essentiallygroundliterals of classical
first-orderlogic (i.e., positive or negative atomicformulaecontainingno variables)In
orderto defineatomicformulae,we needa stock of variables functionandpredicate
symbols We arenot concernedvith the contentf thesesets,andhencewe parachute
theminto our specification.

[Var, FunSym, PredSym)|

A termis eitheravariableor a functionsymbolappliedto a (possiblyempty)sequence
of terms.

Term ::= var{ Var)) | functor{ FunSym x seqTerm))

An atomis a predicatesymbolappliedto a (possiblyempty)sequencef terms.

Atom
head : PredSym
terms : seqTerm

A beliefformulais theneitheranatomor the negationof anatom.

BeliefFormula ::= pos{{Atom)) | not{Atom))

The setof beliefsis the setof all groundbelief formulae(i.e. thosecontainingno
variables).

Belief == {b : BeliefFormula | belvars b = @ o b}

An auxiliary function belvars is assumeadvhich, givena beliefformula, returnsthe set
of variablest contains.

dMARS allows anagents goalsto be specifiedn termsof asimpletemporaimodal
languagewith two unaryconnectesin additionto the connectwesof classicallogic.
Theoperatorare”!” and“?”, for “achieve” and“query” respectrely, sothataformula
1¢ in dMARS s read“achieve ¢”. Thusanagentwith goal!¢ hasa goalof performing
some(possiblyempty)sequencef actions suchthataftertheseactionsareperformed,
¢ will betrue.Similarly, aformula“?¢” means'query ¢”. Thusanagentwith goal?¢
hasa goalof performingsome(possiblyempty)sequencef actions,suchthatafterit
performstheseactions,it will know whetheror not ¢ is true.In orderto definethese
additionalconnectves, we mustfirst definesituationformulae theseare expressions
whosetruth canbeevaluatedwith respecto a setof beliefs,andarethusnottemporal.

SituationFormula ::= belform{{ BeliefFormula))

| and{SituationFormula X SituationFormula))
| or{SituationFormula x SituationFormula))
| true
|

false



A tempoal formula known asa goal is thena belief formulaprefixed with anachieve
operatoror a situationformulaprefixed with a queryoperator Thusanagentcanhave
agoaleitherof achievzing a stateof affairs or of determiningvhetherthe stateof affairs
holds.

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

The typesof actionthat agentscan perform may be classifiedas either external (in
which casethe domainof the actionis the environmentoutsidethe agent)or internal
(in which casethe domainof the actionis the agentitself). Externalactionsarespeci-
fied asif they areprocedurecallsor methodinvocationgandin reality, from the agent
programmes perspectie, they usuallyare).An externalactionthuscomprisesan ex-
ternalactionsymbol(cf. the procedurename)takenfrom the set[ActionSym], anda
sequencef terms(cf. the parametersf the procedure).

EztAction
name : ActionSym
terms : seqTerm

Internalactionsmay be one of two types:addor remove a belief from the database
(cf.thePrROLOG assert andr et ract clauses)Notethatit is notpossibleto addor
remove anatomthatcontainsvariables.

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

4 Plans

Plansareadoptedby agentsjn the way we describebelon. Onceadoptedplanscon-
strainanagents behaiour andactasintentions Plansconsistsof six componentsan
invocationcondition(or triggeringeven); anoptionalcontet (a situationformula)that
definesthe pre-conditionsof the plan, i.e., what mustbe believed by the agentfor a
planto be executablethe plan body, whichis a treerepresenting kind of flow-graph
of actiongto perform;amaintenanceonditionthatmustbetruefor theplanto continue
executing;asetof internal actionsthatareperformedf theplansucceedsandfinally, a
setof internalactionsthatareperformedf the planfails. Thetreerepresentinghebody
hasstatesasnodesandarcs(branchesjepresentingithera goal,aninternalactionor
anexternal actionasdefinedbelown. Executinga plan successfullyinvolvestraversing
thetreefrom therootto ary leafnode.

First,we definetriggerevents A triggereventis onethatcausesplanto beadopted.
Four typesof eventsare allowableastriggers:the acquisitionof a new belief; there-
moval of a belief; the receiptof a messageor the acquisitionof a new goal. This last
typeof triggereventallows goal-drivenaswell asevent-drivenprocessing.

TriggerEvent ::= addbelevent{{ Belief ))
| rembelevent({Belief))
| toldevent{{ Atom))

| goalevent({{ Goal))



Aswenotedabove, planbodiesaretreesin whicharcsarelabelledwith eithergoals
or actionsandstatesareplaceholders Sincestatesarenotimportantin themseles,we
definethemusingthe given set[State]. An arc (branch)within a plan body may be
labelledwith eitheraninternalor externalaction,or a subgoal.

Branch ::= eaztaction{{ EztAction))
| intaction{{IntAction))
| subgoal{{ Goal))

Next, we defineplanbodies.A dMARS plan body is eitheran endtip containing
a state,or a fork containinga stateand a non-emptyset of branchesachleadingto
anothettree.

Body ::= End({{State)) | Fork([?, (State x Branch x Body)))

We canbring thesecomponentsogethelinto the definition of a plan. The formal defi-
nition of the optional type andrelatedcomponentswhich arenon-standar@, canbe
foundin AppendixA.

__Plan
inv : TriggerEvent
contezt : optional|SituationFormula)
body : Body
maint : SituationFormula
succ : seqIntAction
fail : seqIntAction

Planswith no bodyarecalledprimitive plans

PrimitivePlan == {p : Plan | p.body € (ranEnd) e p}

4.1 Instantiating Plans

The basicexecutionmechanisnfor dAMARS agentsdescribedn Section2, involves
anagentmatchingthetriggerandcontet of eachplan againsthe chosereventin the
eventqueueandthecurrentsetof beliefs,respectrely, andthengenerating setof can-
didate matchingplans selectingone,andmakinga planinstancefor it. A planinstance
containsa copy of the original planand,in addition:the ervironmentof the plan(i.e.,
ary bindingsthathave beengeneratedh the courseof executingthe plan); the current
statereachedn the plan (initially the root of the planbody); the setof branchest can
attemptto traversefrom this state;the branchit is attemptingto traverse;anidentifier
to uniquelyidentify theplaninstanceto theagentownerfrom theset[ PlanInstanceld]
of all suchidentifiers;andfinally, the statusof the plan( either“active”, indicatingthat
theplanis partof anintention,or “inactive”, indicatingthatthe plan hastemporarily
beensuspended).

Whena branchcannotbetraversed(e.g.,becausean actionor subgoaffails), then
the branchitself fails andis removed from the setof possiblebrancheslif the branch



thattheagentis attemptingo traverseis defined theagenthaschoserwhich branchto
attemptnext, but if it is undefinedno suchchoicehasbeenmade.

In what follows, the Substitution type representshe setof all substitutiong(i.e.,
bindingsfrom variablesto terms)A function prefixedby AS appliesa substitutionto
a dMARS expressionlf s andt are substitutionghens } ¢ denoteghe composition
of s andt. Finally, a function prefixed by mgu is a function which returnsthe most
generalunifier of two expressionsA brief descriptionand somerelevant definitions
canbefoundin AppendixB.

A planinstancds thusformally definedasfollows.

Status ::= active | suspended

___PlanInstance
origplan : Plan
env : Substitution
state : State
neztbranches : P Branch
branch : optional[ Branch]
status : Status
id : PlanInstanceld

state € PlanStates origplan

state € domEnd = neztbranches = &
neztbranches C PlanNeztBranches origplan state
branch C nextbranches

In this schemaywe usethe auxiliary functions, Plan Nezt Branches, to identify the
setof possiblenext branche$rom a givenstatein aplanand PlanStates, to giveall the
stateof a plan. The specificatiorthatfollows alsousesthe functions, Plan NeztState
and PlanStartState, which give the next statein a plan whenappliedto the current
stateandthe branchtraversed anddeterminehe startstateof a planrespectiely.

Whenaplanis first selectedthe currentstateis thefirst statein theplan.A planis
saidto have succeedeavhenit reachests endstate,andit is saidto have failedif it is
notin the endstateandthereareno availablebranchegi.e., it hasfailedif it hastried
eachbranchandnonehave beensuccessful).

InitialInstance == {p : PlanInstance |

p.state = PlanStartState p.origplan A p.status = active}
SucceedInstance == {p : PlanInstance | p.state € (domEnd)}
FailedInstance == {p : PlanInstance |

p.state ¢ (domEnd) A p.nextbranches = {}}

4.2 Intentions

An intentionin dMARS is justa sequencef planinstancesln responsé¢o anexternal
event,anintentionis createccontaininghegenerateglaninstancelf thisplan,in turn,



createsmninternaleventto whichtheagentrespondsvith anothemplan,thenew planis
concatenatetb theintention.In thisway, theplanatthetop of theintentionstackis the
planthatwill beexecutedfirstin ary intention.

Intention == seqPlaniInstance

An event consistof the triggeringeventand, optionally, a planinstanceidentifier
thatidentifiestheevent-generatinglan,anervironment,andasetof planinstanceshat
mayalreadyhave failed (andmaynotberetried).

Event
trig : TriggerEvent

id : optional|PlanInstanceld)

env : optional|[Substitution)
failures : optional [P PlanInstance]

An externaleventis onethatis not associatedavith an existing planinstancevhen
it first entersthe buffer thoughit will becomesowhena planinstancds generatedor
it. By contrasta subgoaleventis aninternalevent that occurswhenthe branchof an
executingintentionis anachiee goalthatcannotbeachievedimmediatelyn this case,
thevariablesof the eventwill all be definedwith the constrainthatthe domainof the
ervironmentcontainsonly variableghatarecontainedn theeventtrigger.

___ EzternalEvent
Euvent

trig ¢ rangoalevent
undefined env
undefined failures

__ Subgoal Event
Event

trig € rangoalevent
defined env
defined failures

dom(the env) C goalatomuars (goalevent™ trig)

5 An Operational Semanticsfor dAMARS Agents

The operationof dMARS agentds driven by the interactionof intentionsandevents.
Events, (which may be the addition or deletionof beliefs, or the generationof new
goalsor subgoals)provide triggersto executeappropriateplansin the agents plan
library. As eventsarepostedon the agents event queue so plansareselectedrom the
agentsplanlibrary thatarerelevantandapplicableto the event. Determiningwhethera



planis relevantandapplicableto aneventreducego attemptingo unify theinvocation
conditionandcontext with the event. From the setof applicableplansfound by such
unification theagentthoose®neplan,andfromit generatea planinstancehatis then
addedo the currentintentionsof theagent.This planis thusanintendedneans

Plansin dMARS aresequencesf actionsandgoalswith choicepointssothat, at
ary point, theremay be morethanonepathto traversein orderto completethe plan.
Intentionswhicharethoseplanscurrentlyexecuting,determinevhichactionsheagent
takesandmayalsogiveriseto thegeneratiorof new subgoalsboth of which occurin
thecourseof theagents efforts to carryout theplan.

Thefollowing formal modelspecifieshow relevantandapplicableplansaredeter
minedinitially, how oneis chosenandthenhow it is used.Essentiallyaneventgener
ateseitheranew intention,or addsto anexistingone.An agenthenselectanintention
to executeand,dependingn thecurrentcomponenbf theplan,differentcourse®f be-
haviour arerequired.Actions may be executeddirectly andmayleadto the postingof
new eventsif the databasés modifiedasa result,while goalseitherleadto the further
instantiatiorof plans,or to the postingof new events(subgoaldo beachieved) andthe
suspensiownf the currentlyexecutingplan.

This sectionprovidesa detailedspecificatiorof the AMARS agentoperationcov-
eringtheagentandagentstate the generatiorof relevantandapplicableplans theway
in which eventsareprocessedhe executionof intentions,andfinally the achiezement
andfailure of plans.

5.1 ThedMARS Agent State

As in otherBDI architecturesa dMARS agentconsistf a planlibrary, anintention-
selectiorfunction,anevent-selectioriunctionanda plan-selectioriunction. It alsohas
a substitution-selectiofunction for choosingbetweenpossiblealternatve bindings,
andafunctionfor selectingwhich branchin a planshouldbe attemptecdhext.

__dMARSAgent
planlibrary : IP Plan
intentionselect : [P, Intention — Intention
planselect : P, Plan — Plan
eventselect : seq Event — Event
substitutionselect : [P| Substitution — Substitulion
selectbranch : PlanInstance - Branch

In specifyingthe stateof the agent,we indicatewhich aspectanay changeover
time. Thesecomponentsare the agents’beliefs (which are groundbelief formulae),
intentions andeventsyetto be processedrepresentedsa sequence).

dMARSAgentState
dMARSAgent
beliefs : P Belief
intentions : P Intention
events : seqBvent




An operationonly affectsthe stateof the dAMARS agentratherthanthe agentitself.

AdMARSAgentState
dMARSAgentState
dMARSAgentState’
ZdMARSAgentState

Initially, the agentis provided with an event queueand setsof beliefsandintentions
that“pump prime” its subsequerihtentiongeneratiorandaction.

__InitdMarsAgentState
AdMARSAgentState
tnitBel? : P Belief
nitInt? : P Intention
mitEv? : seqBvent

beliefs' = initBel?
intentions’ = initInt?
events' = initEv?

Agentscanperceve externaleventswhich areplacedat the endof the eventbuffer.

__ NewFEzternalEvent
AdMARSAgentState
newevent? : Event

events' = events — (newevent?)

5.2 Relevant and Applicable Plans

A planis relevant with respecto aneventif thereexistsa mostgeneal unifier (mgu)
to bind the triggering eventsof the plan andthe event so thatthey areequal.This is

specifiedin the function genrelplans, which takesan event e anda setof plansps,

andreturnsa setof plan/substituton pairs, suchthatif (p, o) is returnedthenp is a
relevantplanin ps for theevente, ando is themostgeneraunifierfor p. Thesignature
of thefunctionsdefiningmostgeneralunifiersaregivenin AppendixB. If the eventis

asubgoakventandthereforecontainsa substitutionenvironment,it mustbeappliedto

thetriggeringeventbeforetherelevantplansaregenerated.

genrelplans : Event — P Plan — P(Plan x Substitution)

Ve : Event; lib : P Plan e
undefined e.env = genrelplans e lib =
{p : lib; o : Substitution | mguevents (e.trig, p.inv) = o e (p,0)} A
defined e.env = genrelplans e lib =
{p : lib; o : Substitution |
mguevents (ASTrigEvent (the e.env) e.trig, p.inv) = o e (p,0)}




A relevantplanis applicablef its context is alogical consequencef the beliefsof
theagent.Thus,we candefineapredicate dMarsLogCons, to hold betweerasituation
formulaanda belief baseif the situationformulais a logical consequencef the belief
base.

| dMarsLogCons_ : P(SituationFormula x P BeliefFormula)

Using this logical consequenceelation, we definean applicableplan relationto
hold betweenra relevant plan, a substitutionanda currentsetof beliefs. This is spec-
ified in the function, genapplplans, which takesa setof plans(andthe substitutiors
which makethemrelevant), andthe currentbeliefs, and returnsthe applicableplans
andupdatedsubstitutiors.

genapplplans : P(Plan x Substitution) —
(P BeliefFormula) —
P(Plan x Substitution)

V relsubs : P(Plan x Substitution);
bels : P BeliefFormula e
genapplplans relsubs bels =
{rel : Plan; o, : Substitution |
(rel, o) € relsubs A
dMarsLogCons(ASSitForm (o 1 ) (the rel.conteat), bels) o

(rel,o 1)}

5.3 Processingevents

With the dMARS agentandits statespecifiedwe candefinethe dMARS operationcy-
cle. Therearetwo possiblemodesof operationdependingon whetherthe eventbuffer
is emptyor not. If the eventbuffer is notempty aneventis selectedrom it (typically
thefirst element)andrelevantplansand,in turn, applicableplansaredetermined An
applicableplanis selectecandusedto generatea planinstance.

With an external event, a new intentioncontainingjust the plan instanceasa sin-
gletonsequencas created With an internal event, the plan instanceis pushedonto
the intentionstackthat generatedhat (subgoal)event. In addition,we specifythat a
failed planinstancecannotbe re-selectedor aninternalevent. The auxiliary function
Create PlanInstance takesa plananda substitutionandcreatesa planinstancen its
initial state.If the eventis externalthenit mustbe updatedo includetheid of thenew
planinstance.



__ NewPlanInstance

AdMARSAgentState
events # ()
Let event == eventselect events e

Let applplans == genapplplans (genrelplans event planlibrary) beliefs o
Let selectedplan == planselect (domapplplans) e
Let applunifier == applplans selectedplan e
Let instance == CreatePlaniInstance selectedplan applunifier o
event € EzternalFEvent =
instance ¢ (the event.failures) A
intentions’ = intentions U {{instance)} A
events’ = (events > {event})U
{(events™ event, Make Event(event.trig, {instance.id}, @, @))} A
event € Subgoal Event =
(Let trigint == (i : intentions | (head i).id = (the event.id)) o

intentions’ = intentions \ {trigint} U {(instance) ™ trigint})

5.4 ExecutingIntentions

The remainderof this sectionaddressethe agentoperationwhenthe event buffer is
empty We referto this asthe intentionexecutionopemtion. The variablesncludedin
the schemabelav enablethe specificationof intention executionto be written more
elegantly, but do not definethe state,andarereseton every operationcycle. Whenthe
eventbuffer become®mpty all thesevariablesaresetto beundefined.

AgentiInt EzecutionOperationState
dMARSAgentState

selectedintention : optional|Intention]
ezecutingplan : optional[ PlanInstance)
ezecutingbranch : optional[ Branch)

The first stepis to selectan intention, selectedintention’, identify the executing
plan, ezecutingplan’, atthetop of this intentionstacksuchthatthe planis active, and
selectthe branchof the planto execute ezecutingbranch’.

__SelectIntention
AAgentIntEzecutionOperationState

events = ()

the selectedintention’ — intentionselect intentions

the ezecutingplan’ = head(the selectedintention’)

(the ezecutingplan').status = active

(the ezecutingbranch’) = selectbranch (the executingplan’)

Before consideringthe differentcasesarisingfrom the differenttypesof selected
branchwe mustintroducetwo schemaso specifyamove to thenext stateif thebranch



is successfulandto deletea branchif it fails. Theauxiliary function, Achieve Branch,
takesaplaninstanceandmovesit onto thenext statedeterminedy the branch variable
of the executingplan.

__ BranchSucceed
A AgentIntEzecutionOperationState

the ezecutingplan’ = AchieveBranch (the ezecutingplan)

__ BranchFail
AAgentIntEzecutionOperationState

(the ezecutingplan').neztbranches =
(the ezecutingplan).neztbranches \ ezecutingbranch

Therearethenfour casesdependingon whetherthe branchis an external action,an
internalaction,a querygoal,or anachieve goal.

External Actions: If the branchis anexternalaction,thenit is executedmmediately
Its succesor failure is modelledby the function ezecuteaction, which takesa plan
instancewith a selectedbranchthatis an externalaction,andreturnsthe binding that
succeededf it is notin the domainthefunctionmodelstheactionfailing.

| ezecuteaction : PlanInstance + Substitution

With asuccessfubranchthebindingof theactionis composeavith thesubstitution
ervironment.

___ BranchEztActionSucceed
AAgentIntEzecutionOperationState

the executingbranch € raneztaction
the ezecutingplan € domezecuteaction
(the ezecutingplan').env =
(the ezecutingplan).env } ezecuteaction (the ezecutingplan)

Thebranchis thentraversedo reachthenext state specifiedoy the BranchSucceed
schemaabove. The operationof achieving an externalactionandso moving onto the
next stateasdefinedby thetreeis thereforedefinedasthecompositiorof two operations
asfollows.

BranchEztActionSuceed § BranchSuceed

An unsuccessfuranchfails andthereis no statechange.



__ BranchEztActionFail
= AgentInt EzecutionOperationState

the executingbranch € raneztaction
the ezecutingplan ¢ (domezecuteaction)

After this occursthe branchmustberemoved.

BranchEztActionFail § BranchFail
Internal Actions: If the branchis an internalaction (denotedby the local variable
action), the databases modified accordingto that action.If this actionresultsin a

changdo thedatabaseaneventis addedo the setof events.

‘ performintaction : (P Belief) — IntAction — (P Belief)

V b : Belief; i : IntAction; bs : P Belief o
i = add b = performintaction bs i = bs U {b} A
i = remove b = performintaction bs i = bs \ {b}

__ BranchlIntAction
AAgentIntEzecutionOperationState

(the ezecutingbranch) € (ranintaction)
Let action == (intaction™ (the ezecutingbranch)) e
beliefs' = performintaction beliefs action A
action € (ranadd) A beliefs' # beliefs =
events' = events™
(MakeEvent(addbelevent (add™ action), &, &, @)) A
action € (ranremove) A beliefs' # beliefs =
events' = events™
(MakeEvent(rembelevent (remove™ action), &, &, &))

The auxiliary function, MakeEvent, in the schemaabove, simply constructsan
eventfrom its constituentomponentsThis operationis thencomposedvith the oper
ation, BranchSucceed, asbefore.

“Query” Goals: In the caseof a querygoal, qgoal, if the environmentappliedto the
goal canbe unifiedwith the setof beliefs,the mostgeneralunifiersaregeneratednd
oneis chosen(sub). This binding is composedvith the substitutionervironmentand
the next stateis reachedThe unifiquery relationholdsbetweena goal anda setof
beliefsif the goal canbe unifiedwith the beliefs.



__ BranchQueryGoalSucc
AAgentIntEzecutionOperationState

the executingbranch € ransubgoal
subgoal™ (the ezecutingbranch) € ranquery
Let ggoal == (subgoal™ (the ezecutingbranch));
env == (the executingplan).env e
s : Substitution e unifiquery (s, (ASGoal env qgoal, beliefs)) A
(Let sub == mguquery (ASGoal env qgoal, beliefs) o
(the ezecutingplan').env = env | sub)

Whereno suchunificationis possiblethe branchfails.

___ BranchQueryGoalFail
AAgentIntEzecutionOperationState

the executingbranch € ransubgoal
subgoal™ (the ezecutingbranch) € ranquery
Let ggoal == (subgoal™ (the ezecutingbranch));
env == (the executingplan).env e
= (3 s : Substitution e unifiquery (s, (ASGoal env qgoal, beliefs)))

“Achieve” Goals: Finally, with anachie/e goal, achievegoal, thatcanbe unifiedwith
the beliefs, the rest of the executingplan is unified asin the previous case,and the
branchsucceedslf the goal cannotbe unified, the goal achieve eventis posted,the
executingplanis suspendeby settingthestatugparameterandthesetof triedinstances
becomegslefinedasthe setcontainingthe emptyset.In addition,the identifier of the
new internaleventis setto the currentexecutingplan.

___ BranchAchieveGoal
A AgentIntEzecutionOperationState

(the ezecutingbranch) € ransubgoal

subgoal™ (the ezecutingbranch) € ranachieve

(the ezecutingplan').status = suspended

Let achievegoal == subgoal™ (the ezecutingbranch);
env == (the ezecutingplan).env e

events' = events ~ (MakeEvent ((goalevent achievegoal),
{(the ezecutingplan).id}, {env}, {2}))

Oncean achiere goalis posted the executioncycle canrestart,otherwisefurther
operationareperformedasfollows.

5.5 Achieving and Failing Plans

A successfubranchleadsto a new statethatis eithernotanendstate in which caseex-
ecutionof anothetbranchensuesor is anendstate jn which casethe plansucceeddn



thelatterpossibility, thesubstitutiorervironment,(the ezecutingplan).env, is applied
to the successonditions,(the ezecutingplan).origplan.succe, to give a sequencef
groundinternalactions,groundsuccacts. Then,the databasés updatedoy performing
thesegroundactionsone at a time on the currentsetof beliefsto give the new setof
beliefs,beliefs’. Theauxiliary definitionfold is givenin AppendixA.

__ AchievePlan
AAgentIntEzecutionOperationState

the executingplan € SucceedInstance
Let succacts == (the ezecutingplan).origplan.succ;
env == (the executingplan).env e
Let groundsuccacts == map (ASIntAction env) succacts e
beliefs' = fold performintaction beliefs groundsuccacts

Two furthercasesariseif aplansucceeddf therearemoreplansin theintention,the
currentsubstitutionenvironment, (the ezecutingplan).env, is updatedto includethe
appropriatédindingsfrom boththeachieved plan, ezecutingplan, andthe ervironment
of the next planin the stack, secondplan.env. The successfuplan instanceis then
removedfrom thetop of the selectedntentionsothatthe new executingplan,whichis
re-activated,is thesecondn the original stack. TE Vars, returnsthe setof variablesof
atriggerevent. Also theinternaleventwhich generatedhe completedlanis removed.

___ AchievePlanOnly
AchievePlan

#(the selectedintention) > 1
Let secondplan == (the selectedintention) 2 e
Let newenv ==
(( TEVars (the ezecutingplan).origplan.inv) < secondplan.env) }
((the ezecutingplan).env @ secondplan.env) e
the selectedintention’ = tail (the selectedintention) A
(the ezecutingplan').env = newenv A
(the ezecutingplan').status = active
ranevents’ = ranevents \ {(u e : SubgoalEvent | e € ranevents A
the e.id = (the ezecutingplan).id)}

If thereareno moreplans,theintentionhassucceededndcanberemosedascan
theexternaleventwhich generatedt.

_ AchievePlanAndIntention
AchievePlan

#(the selectedintention) = 1

intentions’ = intentions \ selectedintention

ranevents’ = ranevents \ {(u e : EzternalEvent | e € ranevents A
the e.id = (the executingplan).id)}




Finally, if a branchfails but more branchegemain,thesemay thenbe attempted.
If thereareno furtheralternatves,however, the planfails. Whenthis is the only plan
on the stack,the intention fails completely(which is not specifiedhere),otherwise
the substitutionervironmentis appliedto the plan’s fail conditions,failacts, andthe
groundfail internalactions,groundfailacts’, are performed.Sinceit is not the only
plan on the stack,it musthave beentriggeredby an existing goal eventin the event
gueue prigevent, whichis thenfoundandupdatedo recordthefailed planinstanceso
thatit is notretried. The statusof thesecondplanremainssuspended.

__ FailPlan
AAgentIntEzecutionOperationState

the executingplan € FailedInstance
Let origevent == (u e : Event | the e.id = (the ezecutingplan).id);
env == (the ezecutingplan).env e

Let failacts == (the ezecutingplan).origplan.fail e

Let groundfailacts == map (ASIntAction env) failacts e

beliefs' = fold performintaction beliefs failacts A

ranevents’ = (ranevents \ {origevent}) U

{ MakeEvent(origevent.trig, origevent.id, origevent.env,
(origevent. failures U {ezecutingplan}))}

the selectedintention’ = tail(the selectedintention)

6 Concluding Remarks

The BDI modelthatunderpingdMARS is similar to othercomputationamodelsused
in agenfprogrammingervironmentsin particularit is closelyrelatedto the Concurrent
METATEM programmindanguageasdescribedn [10]. In ConcurrenM ETATEM, an
agentis programmedy giving it an executablespecificationof its behaiour, where
suchaspecifications expresse@sa setof temporalogic formulaeof theform past =
future. Execution of theserules proceedsby matchingthe pasttime antecedentsf
temporallogic rulesagainstfuture time consequentsary rulesthatfire thenbecome
commitmentswhich the agentmustsubsequenthattemptto satisfy Perhapghe main
conceptuallifferencebetweenConcurrentM eETATEM andthe dMARS modelis that
in dMARS, controlstructuresareexplicitly codedin plans;in ConcurrentM ETATEM,
a run-time executionalgorithmis responsibldor determiningcontrol, in thatit must
attemptto find anexecutionthat simultaneoushgatisfiests commitmentsin [10], the
relationshippetweerConcurrenM ETATEM anddMARS s usedto encodea dMARS-
like interpreterasa setof ConcurrentM ETATEM rules. The samepaperalsoprovides
an encodingof an abstractBDI interpreterusingthe DESIRE system(essentiallyan
executablespecificatiorframenork for knowledge-basedystems).

In addition,anew abstracprogrammindanguagg9] with awell-definedformal se-
mantican termsof atransitionsystemhasbeenbasedntheBDI model.Thislanguage
usesfeaturesof both logic programmingand imperatve programmingand captures
someof the featuresof other BDI-basedlanguagesuchas AGENT-0 and AgentS-
peak(L). The key distinction betweenthis languageand the operationof a AMARS



agentis thatit containsno notionof eventsand,indeed the authorssuggesthatevents
arenot necessaryor agentlanguageshatattemptto capturethe intuitions of the BDI
model.However, in comprisonwith the dMARS formalisationcontainedn our papey
which providesa strong,computationaimodelof the operationof adMARS agent(and
from which we claim systemscanbe implemented)it is not clearhow sucha strong
relationbetweenthe semanticsand a possibleimplementatiormight be madein this
otherwork.

As thetechnologyof intelligentagentamaturedurther, we canexpectto seea pro-
gressiorfrom the “scruffiness” of early investigatve work to the “neatness’of rigour
andformality. In this paper we have contritutedto the growing body of “neat” intel-
ligentagentresearchby presentinga completeformal specificatiorof the best-knavn
andmostimportantagentarchitecturalevelopedto date.

Thespecificationwve have presentedh this paperis significantfor anumberof rea-
sons First, we needto understandlearly how an architecturevorksin orderthatwe
canevaluateit againstothers.Implementationaretoo low-level to allow suchevalu-
ationsto take place.Formal specificationsysing standardsoftwareengineeringools
like the widely usedZ languageareanideal mediumthroughwhich to communicate
theoperatiornof anarchitecturge.g.[4]).

Secondthereareunderstoognethodgor moving from anabstracspecificatiorin Z
to animplementationthrougha systematigrocesf refinementndreification.Such
a processs not possiblefrom a naturallanguagedescription.Reimplementatiorand
evaluationof the PRSarchitecturen differentlanguagesndenvironmentss therefore
arealisticpossibility.

Finally, by understandinghe model-theoretidoundationsof PRS,(throughrigor-
ouslydefiningthe datastructuresandoperationon thosestructureghat constitutethe
architecture)yve makeit possibleto develop a proof theoryfor the architectureSuch
a proof theoryhasbeendevelopedfor the MYWORLD architecturg18], andalsofor
Raos AgentSpeak(L)11], which is itself a restrictedversionof PRS.Oncesuchan
axiomatisatioris available,therewill exist a straightline from the implementatiorof
PRSto its theory making it possibleto comparethe actualbehaiour of the archi-
tectureagainstthe philosophicalidealisationsof it that have beendevelopedby BDI
theoristq13]. In futurework, we hopeto investigatesuchaxiomatisations.

Acknowledgements: Many thanksto MichaelGeogeff andAnandRaowho provided
mary illuminationsandinsightsin discussionsvith thefirst authorduringdevelopment
of thespecificatiorcontainedn this paper Thanksto the Universityof Westminsteand
theAustralianArtificial Intelligencelnstitute for supportingandhostingthefirst author
duringthe developmeniof this work. The specificatiorcontainedn this documenhas
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A Auxiliary Z Definitions

The function, fold, takesa function, aninitial valueanda sequencandapplieseach
elementin the sequenceo theinitial valuein turn. The function, map, takesanother
functionandappliesit to every elementin alist. Similarly, mapset, appliesa function
to every elementn aset.

—[X, Y]
fold: (X 5 Y > X)> X > (seqY) - X
map : (X - Y) — (seqX) — (seqY)
mapset : (X - Y) > (PX)—> (PY)
Vi (X=>Y > X);z:X;y:Y; ys:seqY e
foldfe )=z A
fold fz ({y) " ys)=fold f (fz y) ys
Vi: X —>Y;z:X;zs:5€e0X e
map £ () = () A
map f (z) = {f 2) A
map f (zs " ys) = map f s~ map f ys
Vi: X > Y;zs:PXe
mapset f zs = {z :zs e f z}

It is usefulto be ableto asserthatanelemenis optional. Thefollowing definitions
providefor anew type, optional[ T, for ary existingtype, T', alongwith thepredicates,
defined andundefined, whichtestwhetheranelemenf optional| T'] is definedor not.
Thefunction, the, extractsthe elemenfrom a definedmembernf optional[ T.

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

defined_, undefined_ : P(optional[ X])
the : optional[X] +» X

Vs : optional[X] e defined zs & #zs = 1A
undefined zs & #zs = 0
Vzs : optional[X] | defined zs o
thezs = (pz: X | z € as)




B Binding

Thestandardlefinitionof a substitutionis a mappingfrom variableso termssuchthat
no variablecontainedin ary of the termsis in the domainof the mapping[6]. This
is representedsa partial function betweervariablesandtermssince,in generalonly
somevariableswill bemappedo aterm.

Substitution ==
{f : Var + Term | (domf) N (| J(mapset termvars (ranf))) = o}

Thefunction ApplySub Term applieseithertheidentity mappingto a variableif the
variableis notin thedomainof the substitutionor appliesthe substitutionf it is in the
domain.

‘ ASVar : Substitution — Var — Term

V4 : Substitution; v: Var e
ASVar pv = ({z: Var e (z,varz)} ®¢Y) v

We canthendefinewhatit meandor a substitutionto be appliedto aterm,internal
action,a situationformula,a plan,a goal,a beliefformulaandatriggerevent,asgiven
by ASTerm, ASIntAction, ASSitForm, ASPlan, ASGoal, ASBeliefFormula and
ASTrigEvent, respectiely.

Considertwo substitutiors = ando suchthat no variableboundin o appearsry-
wherein 7. The compositionof = with o, written 7 { o, is obtainedby applying =
to the termsin ¢ andcombiningthesewith the bindingsfrom r. For exampleif + =
{z/A,y/B,z/C} andoc = {u/A,v/F(z,y,z)} then,sincenoneof the variables
boundin ¢ (u,v) appearin 7, it is meaningfulto composer with ¢. In this case
7o ={u/A,v/F(A,B,C),z/A y/B,z/C}.

— [Xa Y]
_ 1 _: Substitution x Substitution — Substitution

V1,0 : Substitution |
(dome) N ((domT) U |J(mapset termuars (rant))) = & o
Tio=(rU{z: Var; t: Term | (z,t) € c o (2, ASTerm 7 t)})

A substitutionis a unifier for two expressionsf the substitution appliedto both
of them, makesthem equal.A substitutionis more geneal than anothersubstitution
if thereexists a third substitutionrwhich, whencomposedvith thefirst, givesthe sec-
ond. The mostgeneralunifier of two expressionds a substitutionwhich unifiesthe
expressionsuchthatthereis no otherunifier thatis moregeneral Herewe definethe
signaturegor themostgeneraunifier of two triggerevents,a goalwith a setof beliefs,
andatriggereventwith agoal.

mguevents : (TriggerBvent X TriggerEuvent) - Substitution
mguquery : (Goal x [P Belief) - Substitution
mgugoal : (TriggerBvent x Goal) -» Substitution



