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Abstract. TheProceduralReasoningSystem(PRS)is thebestestablishedagent
architecturecurrentlyavailable. It hasbeendeployed in many major industrial
applications,rangingfrom fault diagnosison thespaceshuttleto air traffic man-
agementandbusinessprocesscontrol.Thetheoryof PRS-like systemshasalso
beenwidely studied:within theintelligentagentsresearchcommunity, thebelief-
desire-intention(BDI) model of practical reasoningthat underpinsPRSis ar-
guablythedominantforce in thetheoreticalfoundationsof rationalagency. De-
spitetheinterestin PRSandBDI agents,nocompleteattempthasyetbeenmade
to preciselyspecifythebehaviour of realPRSsystems.Thishasled to thedevel-
opmentof a rangeof systemsthatclaimto conformto thePRSmodel,but which
differ from it in many importantrespects.Our aim in this paperis to rectify this
omission.We provide an abstractformal modelof an idealiseddMARS system
(themostrecentimplementationof thePRSarchitecture),whichpreciselydefines
thekey datastructurespresentwithin thearchitectureandtheoperationsthatma-
nipulatethesestructures.Wefocusin particularondMARSplans,sincetheseare
thekey tool for programmingdMARS agents.Thespecificationwe presentwill
enableotherimplementationsof PRSto beeasilydeveloped,andwill serve asa
benchmarkagainstwhich futurearchitecturalenhancementscanbeevaluated.

1 Intr oduction

Sincethe mid 1980s,many control architecturesfor practicalreasoningagentshave
beenproposed[19]. Most of thesehave beendeployedonly in limited artificial envi-
ronments;very few havebeenappliedto realisticproblems,andevenfewerhave led to
thedevelopmentof usefulfield-testedapplications.Themostnotableexceptionis the
ProceduralReasoningSystem(PRS).Originally describedin 1987[7], thisarchitecture
hasprogressedfrom an experimentalLISP versionto a fully fledgedC++ implemen-
tation known asthe distributedMulti-Agent ReasoningSystem(dMARS), which has
beenappliedin perhapsthe mostsignificantmulti-agentapplicationsto date[8]. The
PRSarchitecturehasits conceptualrootsin thebelief-desire-intention(BDI) modelof
practicalreasoningdevelopedby MichaelBratmanandcolleagues[1], andin tandem



with theevolutionof thePRSarchitectureinto anindustrial-strengthproductionarchi-
tecture,thetheoreticalfoundationsof theBDI modelhavealsobeencloselyinvestigated
(see,e.g.,[12] for a survey).

Despitethesuccessof thePRSarchitecture,in termsof bothits demonstrableappli-
cability to real-world problemsandits theoreticalfoundations,therehasto datebeenno
systematicattemptto unambiguouslydefineits operation.Therehave, however, been
severalattemptsin this direction.For example,in [14], RaoandGeorgeff give anab-
stractspecificationof the architecture,and informally discussthe extent to which an
embodimentof it couldbesaidto satisfyvariouspossibleaxiomsof BDI theory[12].
However, thatspecificationis (quitedeliberately)atahighlevel,anddoesnot lenditself
to direct implementation.Anotherrelatedattemptis embodiedby theAgentSpeak(L)
languagedevelopedby Rao[11]. AgentSpeak(L)is a programminglanguagebasedon
anabstractionof thePRSarchitecture;irrelevantimplementationdetailis removed,and
PRSis strippedto its bareessentials.Building on this work, d’InvernoandLuck have
constructeda formal specification(in Z [17]) of AgentSpeak(L)[3]. This specification
reformalisesRao’soriginaldescriptionsothatit is couchedin termsof stateandopera-
tionson statethatcanbeeasilyrefinedinto animplementedsystem.In addition,being
basedona simplifiedversionof dMARS,thespecificationprovidesa startingpoint for
actualspecificationsof thesemoresophisticatedsystems.

In this paper, we continueandextendthatwork, by giving anabstractformal spec-
ification of dMARS: thesystemuponwhich AgentSpeak(L)is based.In sodoing,we
provide an operationalsemanticsfor dMARS, andthusprovide a benchmarkagainst
which futureBDI systemsandPRS-like implementationscanbecompared.Thespec-
ification is abstract in that importantaspectsof thedMARS systemareincluded,but
unnecessaryimplementation-specificdetailsareomitted.This approachis very simi-
lar to thatof [18], in which a formal specificationof theMYWORLD architecturewas
developedusingVDM, a formalspecificationlanguagecloselyrelatedto Z.

Theremainderof this paperis structuredasfollows.First, in Section2 we present
anoverview of thedMARSsystem.In Section3, wedescribethebasictypesandprim-
itive componentsof thesystem,andin Section4 we proceedto specifymorecomplex
componentsincludingplans.Thenext sectionspecifiesthedMARSagentandits state,
followed by a descriptionof its cycle of operation.At the endof the paperwe sum-
marisethe contribution madeby this specification,its relationto previous work, and
prospectsfor thefuture.

Notation Thespecificationbelow is presentedusingtheZ language[17]. Z is amodel-
orientedformalspecificationlanguagebasedonsettheoryandfirst-orderlogic.Thekey
componentsof a Z specificationaredefinitionsof thestatespaceof a systemandthe
possibleoperationsthat transformit from onestateto another. Becauseof spacecon-
straints,someauxiliary functiondefinitionsareomitted,andonly a very brief account
of bindingis given.A morecompleteaccountof a relatedsystemcanbefoundin [3],
whichprovidesbothanintroductionto Z andmoreexplanationof severalof theaspects
not coveredhere.The full dMARS specificationis availableon requestfrom the first
author.
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Fig.1. A BDI AgentArchitecture:PRS

2 An Overview of dMARS

The Procedural ReasoningSystem(PRS)developedby Georgeff and Lansky [7] is
perhapsthe best-known agentarchitecture.Both PRSand its successordMARSare
examplesof a currentlypopularparadigmknown asthe belief-desire-intention(BDI)
approach[1]. As Figure1 shows, a BDI architecturetypically containsfour key data
structures:beliefs,goals,intentionsanda planlibrary.

An agent’s beliefscorrespondto informationtheagenthasabouttheworld, which
maybeincompleteor incorrect.Beliefsmaybeassimpleasvariables(in thesenseof,
e.g.,PASCAL programs)but implementedBDI agentstypically representbeliefssym-
bolically (e.g.,asPROLOG-like facts[7]). An agent’s desires(or goals,in thesystem)
intuitively correspondto thetasksallocatedto it. (ImplementedBDI agentsrequirethat
desiresbe logically consistent,althoughhumandesiresoften fail in this respect.)The
intuition with BDI systemsis thatanagentwill not, in general,beableto achieve all
its desires,even if thesedesiresare consistent.Agentsmustthereforefix uponsome
subsetof availabledesiresandcommitresourcesto achieving them.Thesechosende-
siresare intentions, andanagentwill typically continueto try to achieve an intention
until eitherit believestheintentionis satisfied,or it believestheintentionis no longer
achievable [2]. The BDI model is operationalisedin dMARS agentsby plans. Each
agenthasa plan library, which is a setof plans,or recipes, specifyingcoursesof ac-
tion thatmaybeundertakenby anagentin orderto achieve its intentions.An agent’s
plan library representsits procedural knowledge, or know-how: knowledgeabouthow
to bringaboutstatesof affairs.



Eachplan containsseveral components.The trigger or invocationcondition for a
plan specifiesthe circumstancesunderwhich the plan shouldbe considered,usually
specifiedin termsof events.For example,theplan“make tea”maybetriggeredby the
event “thirsty”. In addition,a plan hasa context, or pre-condition, specifyingthe cir-
cumstancesunderwhich the executionof the plan may commence.For example,the
plan“maketea”mighthave thecontext “havetea-bags”.A planmayalsohaveamain-
tenancecondition, which characterisesthecircumstancesthat mustremaintruewhile
the plan is executing.Finally, a planhasa body, defininga potentiallyquitecomplex
courseof action,which mayconsistof bothgoals(or subgoals)andprimitive actions.
Our“tea” planmighthavethebodygetboiling water;addtea-bag to cup;addwaterto
cup. Here,getboiling water is a subgoal,(somethingthatmustbeachievedwhenplan
executionreachesthis point in the plan),whereasadd tea-bag to cup andadd water
to cup areprimitive actions,i.e., actionsthat canbe performeddirectly by the agent.
Primitiveactionscanbethoughtof asprocedurecalls.

dMARSagentsmonitorboththeworld andtheir own internalstate,andany events
thatareperceivedareplacedonaneventqueue. Theinterpreter in Figure1 is responsi-
blefor managingtheoveralloperationof theagent.It continuallyexecutesthefollowing
cycle:

– observe the world and the agent’s internal state,and updatethe event queueto
reflecttheeventsthathavebeenobserved;

– generatenew possibledesires(tasks),by findingplanswhosetriggereventmatches
aneventin theeventqueue;

– selectfrom thissetof matchingplansonefor execution(an intendedmeans);
– push the intendedmeansonto an existing or new intention stack,accordingto

whetheror not theeventis asubgoal;and
– selectan intentionstack,take the topmostplan(intendedmeans),andexecutethe

next stepof thiscurrentplan:if thestepis anaction,performit; otherwise,if it is a
subgoal,postthissubgoalon theeventqueue.

In thisway, whenaplanstartsexecuting,its subgoalswill bepostedon theeventqueue
which, in turn, will causeplansthat achieve this subgoalto becomeactive, and so
on. This is thebasicexecutionmodelof dMARS agents.Note thatagentsdo no first-
principlesplanningat all, asall plansmustbe generatedby the agentprogrammerat
designtime.Theplanningdoneby agentsconsistsentirelyof context-sensitivesubgoal
expansion,which is deferreduntil a point in time at which thesubgoalis selectedfor
execution.

Othereffortsto giveaformalsemanticsto BDI architecturesincludearangeof BDI
logicsthathavebeendevelopedby RaoandGeorgeff [12]. Theselogicsareextensions
to the branchingtime logic CTL* [5], which alsocontainnormalmodalconnectives
for representingbeliefs,desires,andintentions.Mostwork onBDI logicshasfocussed
on possiblerelationshipsbetweenthethree‘mentalstates’[13] and,morerecently, on
developingproofmethodsfor restrictedformsof thelogics[15]. In futurework wewill
investigatetherelationshipbetweenthis work andtheoperationalsemanticsdescribed
in thispaper.



3 Beliefs,Goals,and Actions

We begin our specificationby defining the allowable beliefsof an agent.Beliefs in
dMARS areratherlike PROLOG facts:they areessentiallygroundliteralsof classical
first-orderlogic (i.e., positive or negative atomicformulaecontainingno variables).In
orderto defineatomicformulae,we needa stockof variables,functionandpredicate
symbols.We arenotconcernedwith thecontentsof thesesets,andhenceweparachute
theminto ourspecification.
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A term is eitheravariableor a functionsymbolappliedto a (possiblyempty)sequence
of terms.
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An atomis a predicatesymbolappliedto a (possiblyempty)sequenceof terms.
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A beliefformula is theneitheranatomor thenegationof anatom.
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Thesetof beliefsis thesetof all groundbelief formulae(i.e. thosecontainingno
variables).
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An auxiliary function
X��&H+,"�/�D

is assumedwhich,givena belief formula,returnstheset
of variablesit contains.

dMARSallowsanagent’sgoalsto bespecifiedin termsof asimpletemporalmodal
languagewith two unaryconnectivesin additionto theconnectivesof classicallogic.
Theoperatorsare“!” and“?”, for “achieve” and“query” respectively, sothata formula_ `

in dMARSis read“achieve
`
”. Thusanagentwith goal

_a`
hasa goalof performing

some(possiblyempty)sequenceof actions,suchthataftertheseactionsareperformed,`
will betrue.Similarly, a formula“?

`
” means“query

`
”. Thusanagentwith goal b `

hasa goalof performingsome(possiblyempty)sequenceof actions,suchthatafter it
performstheseactions,it will know whetheror not

`
is true. In orderto definethese

additionalconnectives,we mustfirst definesituationformulae: theseareexpressions
whosetruthcanbeevaluatedwith respectto a setof beliefs,andarethusnot temporal.
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A temporal formula, known asa goal is thena belief formulaprefixedwith anachieve
operatoror a situationformulaprefixedwith a queryoperator. Thusanagentcanhave
agoaleitherof achieving astateof affairsor of determiningwhetherthestateof affairs
holds.

l 8S�/Hm'M'+*n�A6 ? IJ�5,��f. . G �&H+IJ�K4
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The typesof action that agentscan performmay be classifiedas eitherexternal (in
which casethedomainof theactionis theenvironmentoutsidetheagent)or internal
(in which casethedomainof theactionis theagentitself). Externalactionsarespeci-
fied asif they areprocedurecallsor methodinvocations(andin reality, from theagent
programmer’sperspective, they usuallyare).An externalactionthuscomprisesanex-
ternalactionsymbol(cf. the procedurename)taken from the set

� > 6&7:IJ8��������$#
, anda

sequenceof terms(cf. theparametersof theprocedure).
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seq
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Internalactionsmay be oneof two types:addor remove a belief from the database
(cf. thePROLOG assert andretract clauses).Notethatit is notpossibleto addor
removeanatomthatcontainsvariables.

u �07 > 657:IJ8��v')'+*w�A!x!y. . G �5HzIJ�J4
�e8���$��H)�f1 1R2� �5�T8�,��f. . G �&H+IJ�K4
�L8/��E��HM�A1 1

4 Plans

Plansareadoptedby agents,in theway we describebelow. Onceadopted,planscon-
strainanagent’s behaviour andactasintentions. Plansconsistsof six components:an
invocationcondition(or triggeringevent); anoptionalcontext (asituationformula)that
definesthe pre-conditionsof the plan, i.e., what mustbe believed by the agentfor a
planto beexecutable;theplan body, which is a treerepresentinga kind of flow-graph
of actionsto perform;amaintenanceconditionthatmustbetruefor theplanto continue
executing;asetof internalactionsthatareperformedif theplansucceeds;andfinally, a
setof internalactionsthatareperformedif theplanfails.Thetreerepresentingthebody
hasstatesasnodes,andarcs(branches)representingeithera goal,aninternalactionor
anexternalactionasdefinedbelow. Executinga plansuccessfullyinvolvestraversing
thetreefrom theroot to any leafnode.

First,wedefinetriggerevents.A triggereventisonethatcausesaplantobeadopted.
Four typesof eventsareallowableastriggers:the acquisitionof a new belief; the re-
moval of a belief; thereceiptof a message;or theacquisitionof a new goal.This last
typeof triggereventallowsgoal-drivenaswell asevent-drivenprocessing.
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As wenotedabove,planbodiesaretreesin whicharcsarelabelledwith eithergoals
or actionsandstatesareplaceholders.Sincestatesarenot importantin themselves,we
definethemusingthe given set

�z�07C��7C�&#
. An arc (branch)within a plan body may be

labelledwith eitheraninternalor externalaction,or a subgoal.
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Next, we defineplan bodies.A dMARS plan body is eitheran endtip containing
a state,or a fork containinga stateanda non-emptysetof brancheseachleadingto
anothertree.
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We canbring thesecomponentstogetherinto thedefinitionof a plan.Theformal defi-
nition of the

8@O�7:IJ8��t��H
typeandrelatedcomponents,which arenon-standardZ, canbe

foundin AppendixA.
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Planswith nobodyarecalledprimitiveplans.
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ran
q ��!Q��\}Oe^

4.1 Instantiating Plans

The basicexecutionmechanismfor dMARS agents,describedin Section2, involves
anagentmatchingthetriggerandcontext of eachplanagainstthechosenevent in the
eventqueueandthecurrentsetof beliefs,respectively, andthengeneratingasetof can-
didate,matchingplans,selectingone,andmakingaplaninstancefor it. A planinstance
containsa copy of theoriginal planand,in addition:theenvironmentof theplan(i.e.,
any bindingsthathave beengeneratedin thecourseof executingtheplan);thecurrent
statereachedin theplan(initially theroot of theplanbody);thesetof branchesit can
attemptto traversefrom this state;thebranchit is attemptingto traverse;anidentifier
to uniquelyidentify theplaninstanceto theagentownerfrom theset

� ��HM��� u ��D�7C����6�� u !f#
of all suchidentifiers;andfinally, thestatusof theplan( either“active”, indicatingthat
the plan is part of an intention,or “inactive”, indicatingthat theplan hastemporarily
beensuspended).

Whena branchcannotbe traversed(e.g.,becauseanactionor subgoalfails), then
thebranchitself fails andis removedfrom the setof possiblebranches.If thebranch



thattheagentis attemptingto traverseis defined,theagenthaschosenwhichbranchto
attemptnext, but if it is undefined,nosuchchoicehasbeenmade.

In what follows, the
���QX�D�7:Ic7K��7:IJ8��

type representsthe setof all substitutions(i.e.,
bindingsfrom variablesto terms)A functionprefixedby

> �
appliesa substitutionto

a dMARS expression.If
D

and
7

aresubstitutionsthen
D3�Y7

denotesthe composition
of

D
and

7
. Finally, a function prefixed by �3�Q� is a function which returnsthe most

generalunifier of two expressions.A brief descriptionandsomerelevant definitions
canbefoundin AppendixB.

A planinstanceis thusformally definedasfollows.
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In this schema,we usetheauxiliary functions,
��HM���f�E� r 7 G @����6 ? �5D

, to identify the
setof possiblenext branchesfrom agivenstatein aplanand

��HM������79�/79�5D
, to giveall the

statesof a plan.Thespecificationthat follows alsousesthefunctions,
��H)�/�f�p� r 7J��79�/79�

and
��HM������79�/�7J��79�/79�

, which give the next statein a plan whenappliedto the current
stateandthebranchtraversed,anddeterminethestartstateof aplanrespectively.

Whena planis first selected,thecurrentstateis thefirst statein theplan.A planis
saidto have succeededwhenit reachesits endstate,andit is saidto have failed if it is
not in theendstateandthereareno availablebranches(i.e., it hasfailed if it hastried
eachbranchandnonehavebeensuccessful).
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4.2 Intentions

An intentionin dMARSis justa sequenceof planinstances.In responseto anexternal
event,anintentionis createdcontainingthegeneratedplaninstance.If thisplan,in turn,



createsaninternaleventto which theagentrespondswith anotherplan,thenew planis
concatenatedto theintention.In thisway, theplanat thetopof theintentionstackis the
planthatwill beexecutedfirst in any intention.

u �079�&�Q7:IJ8���*V*
seq

��H)�/� u �QD�79�/��6��

An eventconsistsof the triggeringeventand,optionally, a plan instanceidentifier
thatidentifiestheevent-generatingplan,anenvironment,andasetof planinstancesthat
mayalreadyhavefailed(andmaynotberetried).

q ,��5�07
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45�/IcH+�� �5DF't8@Ot7KIJ8/����Hh� �E��H)�/� u ��D�79�/��6��&#

An externalevent is onethat is not associatedwith anexisting plan instancewhen
it first entersthebuffer thoughit will becomesowhena planinstanceis generatedfor
it. By contrast,a subgoalevent is an internalevent thatoccurswhenthebranchof an
executingintentionis anachievegoalthatcannotbeachievedimmediately. In thiscase,
thevariablesof theeventwill all bedefinedwith theconstraintthat thedomainof the
environmentcontainsonly variablesthatarecontainedin theeventtrigger.
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5 An Operational Semanticsfor dMARS Agents

Theoperationof dMARS agentsis drivenby the interactionof intentionsandevents.
Events,(which may be the additionor deletionof beliefs,or the generationof new
goalsor subgoals),provide triggersto executeappropriateplansin the agent’s plan
library. As eventsarepostedon theagent’s eventqueue,soplansareselectedfrom the
agent’splanlibrary thatarerelevantandapplicableto theevent.Determiningwhethera



planis relevantandapplicableto aneventreducesto attemptingto unify theinvocation
conditionandcontext with the event.From the setof applicableplansfoundby such
unification,theagentchoosesoneplan,andfrom it generatesaplaninstancethatis then
addedto thecurrentintentionsof theagent.Thisplanis thusan intendedmeans.

Plansin dMARS aresequencesof actionsandgoalswith choicepointsso that,at
any point, theremaybemorethanonepathto traversein orderto completetheplan.
Intentions,whicharethoseplanscurrentlyexecuting,determinewhichactionstheagent
takes,andmayalsogiveriseto thegenerationof new subgoals,bothof whichoccurin
thecourseof theagent’sefforts to carryout theplan.

Thefollowing formal modelspecifieshow relevantandapplicableplansaredeter-
minedinitially, how oneis chosen,andthenhow it is used.Essentially, aneventgener-
ateseitheranew intention,or addsto anexistingone.An agentthenselectsanintention
to executeand,dependingonthecurrentcomponentof theplan,differentcoursesof be-
haviour arerequired.Actionsmaybeexecuteddirectly andmayleadto thepostingof
new eventsif thedatabaseis modifiedasa result,while goalseitherleadto thefurther
instantiationof plans,or to thepostingof new events(subgoalsto beachieved)andthe
suspensionof thecurrentlyexecutingplan.

This sectionprovidesa detailedspecificationof thedMARS agentoperation,cov-
eringtheagentandagentstate,thegenerationof relevantandapplicableplans,theway
in which eventsareprocessed,theexecutionof intentions,andfinally theachievement
andfailureof plans.

5.1 The dMARS Agent State

As in otherBDI architectures,a dMARS agentconsistsof a planlibrary, anintention-
selectionfunction,anevent-selectionfunctionandaplan-selectionfunction.It alsohas
a substitution-selectionfunction for choosingbetweenpossiblealternative bindings,
anda functionfor selectingwhichbranchin aplanshouldbeattemptednext.
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In specifyingthe stateof the agent,we indicatewhich aspectsmay changeover
time. Thesecomponentsare the agents’beliefs (which are groundbelief formulae),
intentions,andeventsyet to beprocessed(representedasa sequence).
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An operationonly affectsthestateof thedMARSagentratherthantheagentitself.
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Initially, the agentis provided with an event queueandsetsof beliefsandintentions
that“pumpprime” its subsequentintentiongenerationandaction.
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Agentscanperceiveexternaleventswhichareplacedat theendof theeventbuffer.
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5.2 Relevant and Applicable Plans

A plan is relevantwith respectto anevent if thereexistsa mostgeneral unifier (mgu)
to bind the triggeringeventsof the plan andthe event so that they areequal.This is
specifiedin the function

{f�5�0 �5H O�H)�/��D
, which takesan event

�
anda setof plans

O�D
,

andreturnsa setof plan/substitutionpairs,suchthat if
�cOm�@¬��

is returned,then
O

is a
relevantplanin

O0D
for theevent

�
, and

¬
is themostgeneralunifier for

O
. Thesignature

of thefunctionsdefiningmostgeneralunifiersaregivenin AppendixB. If theeventis
asubgoaleventandthereforecontainsasubstitutionenvironment,it mustbeappliedto
thetriggeringeventbeforetherelevantplansaregenerated.
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A relevantplanis applicableif its context is a logical consequenceof thebeliefsof
theagent.Thus,wecandefineapredicate,

!" v���D °e8 {Q±�8���D
, to holdbetweenasituation

formulaanda belief baseif thesituationformulais a logical consequenceof thebelief
base.
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Using this logical consequencerelation,we definean applicableplan relationto
hold betweena relevantplan,a substitutionanda currentsetof beliefs.This is spec-
ified in the function,

{A�&����OxO�H O�H)�/��D
, which takesa setof plans(andthe substitutions

which make themrelevant),andthe currentbeliefs,andreturnsthe applicableplans
andupdatedsubstitutions.
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5.3 ProcessingEvents

With thedMARSagentandits statespecified,wecandefinethedMARSoperationcy-
cle.Therearetwo possiblemodesof operation,dependingon whethertheeventbuffer
is emptyor not. If theeventbuffer is not empty, anevent is selectedfrom it (typically
thefirst element)andrelevantplansand,in turn, applicableplansaredetermined.An
applicableplanis selectedandusedto generatea planinstance.

With anexternalevent,a new intentioncontainingjust theplan instanceasa sin-
gleton sequenceis created.With an internal event, the plan instanceis pushedonto
the intentionstackthat generatedthat (subgoal)event. In addition,we specify that a
failedplan instancecannotbere-selectedfor an internalevent.Theauxiliary function±m@�@�/79����H)�/� u ��D�79�/��6��

takesa plananda substitution,andcreatesa plan instancein its
initial state.If theeventis externalthenit mustbeupdatedto includetheid of thenew
planinstance.
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5.4 Executing Intentions

The remainderof this sectionaddressesthe agentoperationwhenthe event buffer is
empty. We refer to this asthe intentionexecutionoperation. Thevariablesincludedin
the schemabelow enablethe specificationof intentionexecutionto be written more
elegantly, but do not definethestate,andarereseton every operationcycle.Whenthe
eventbuffer becomesempty, all thesevariablesaresetto beundefined.
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The first stepis to selectan intention,
D&�&H)��657C��!�Ic�079�&�Q7:IJ8��t¨

, identify the executing
plan,

� r ��6&��7KIc��{�OtH)��� ¨
, at thetop of this intentionstacksuchthattheplanis active,and

selectthebranchof theplanto execute,
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Beforeconsideringthe differentcasesarisingfrom the differenttypesof selected
branch,wemustintroducetwo schemasto specifyamoveto thenext stateif thebranch



is successful,andto deletea branchif it fails.Theauxiliary function,
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,
takesaplaninstanceandmovesit onto thenext statedeterminedby the

X5 �/��6 ?
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of theexecutingplan.
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Therearethenfour cases,dependingon whetherthe branchis an externalaction,an
internalaction,aquerygoal,or anachievegoal.

External Actions: If thebranchis anexternalaction,thenit is executedimmediately.
Its successor failure is modelledby the function

� r ��6&��79���A657:IJ8��
, which takesa plan

instancewith a selectedbranchthat is anexternalaction,andreturnsthebinding that
succeeded.If it is not in thedomain,thefunctionmodelstheactionfailing.
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With asuccessfulbranch,thebindingof theactionis composedwith thesubstitution
environment.
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Thebranchis thentraversedto reachthenext state,specifiedby the
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schemaabove. Theoperationof achieving anexternalactionandso moving onto the
next stateasdefinedby thetreeis thereforedefinedasthecompositionof two operations
asfollows.
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An unsuccessfulbranchfailsandthereis nostatechange.



G @����6 ? q�r 7 > 657:IJ8����L�/IcH
© > {f�&�Q7 u �Q7 qsr ��65��7:IJ8��e¿eO��& ��7:IJ8��Q�07C��7C�
7 ? �V� r �@6&��7:Ic�f{fX5 �/��6 ? �

ran
� r 7C�x6&7KIJ8/�

7 ? �V� r �@6&��7:Ic�f{�O�H)�/�Â��Â�
dom

� r �@6&��7C�@�A657:IJ8��y�

After thisoccursthebranchmustberemoved.
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Inter nal Actions: If the branchis an internalaction (denotedby the local variable�x6&7KIJ8/�
), the databaseis modifiedaccordingto that action. If this action resultsin a

changeto thedatabase,aneventis addedto thesetof events.
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The auxiliary function,
 v�S�A� q ,"�&�Q7

, in the schemaabove, simply constructsan
eventfrom its constituentcomponents.This operationis thencomposedwith theoper-
ation,

G  ���t6 ? �0�Q6�6����@!
, asbefore.

“Query” Goals: In thecaseof a querygoal,
o {f8|��H

, if theenvironmentappliedto the
goalcanbeunifiedwith thesetof beliefs,themostgeneralunifiersaregeneratedand
oneis chosen(

D��QX
). This binding is composedwith thesubstitutionenvironmentand

the next stateis reached.The
���QI ��o5�Q�&��

relationholdsbetweena goal anda setof
beliefsif thegoalcanbeunifiedwith thebeliefs.
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Wherenosuchunificationis possible,thebranchfails.
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“ Achieve” Goals: Finally, with anachievegoal,
�x6 ? IJ�&,��:{f8|��H

, thatcanbeunifiedwith
the beliefs, the rest of the executingplan is unified as in the previous case,and the
branchsucceeds.If the goal cannotbe unified, the goal achieve event is posted,the
executingplanis suspendedby settingthestatusparameter, andthesetof triedinstances
becomesdefinedasthe setcontainingthe emptyset.In addition,the identifierof the
new internaleventis setto thecurrentexecutingplan.

G @����6 ? > 6 ? IJ�&,"� l 8S�/H
§T> {A�&�Q7 u �07 qsr ��6&��7KIJ8/�L¿eO��& �/7KIJ8/���07C��7C�
�
7 ? �V� r ��65��7:Ic�f{fX& ���t6 ? ���

ran
D��QX9{f8S�/H

D��QX9{A8|��HJ���h7 ? �V� r ��6&��7KIc��{AX& �/��6 ? ���
ran

�x6 ? IJ�&,��
�
7 ? �V� r ��65��7:Ic�f{�O�HM���t¨��5�zD�7C��7:��D�*gD���D:O��&��!A�@!
´�µ&¶ �x6 ? IJ�&,��:{f8|��Hm*V*-D��QX9{f8S�/HJ�}�h7 ? �p� r ��65��7:Ic�f{fX& ���t6 ? ��®

�&�Q,E*V*g�
7 ? �R� r ��6&��7KIc��{�OtH)���y���c�&�Q,$\
�&,"�&�Q7KDS¨0*d�5,��&�Q7KD�«�.C v�|�x� q ,��5�07�� �K{f8S�/H)�5,��&�Q7}�x6 ? IJ�&,"�9{f8S�/HJ���

W��h7 ? �V� r �@6&��7:Ic�f{�O�H)�/�t�5�)IJ!�^f�5W��5�0,�^A�&W�Zp^��
1

Oncean achieve goal is posted,the executioncycle canrestart,otherwisefurther
operationsareperformedasfollows.

5.5 Achieving and Failing Plans

A successfulbranchleadsto anew statethatis eithernotanendstate,in whichcaseex-
ecutionof anotherbranchensues,or is anendstate,in whichcasetheplansucceeds. In



thelatterpossibility, thesubstitutionenvironment,
�
7 ? �Y� r ��65��7:Ic�f{�O�H)�/�t�5���&�Q,

, is applied
to the successconditions,

�
7 ? �U� r ��65��7:Ic�f{�O�HM���y���c8��Iz{�O�H)�/�e�)D��Q6@6
, to give a sequenceof

groundinternalactions,
{x 8����t!"D��Q6�6@�A657KD

. Then,thedatabaseis updatedby performing
thesegroundactionsoneat a time on thecurrentsetof beliefsto give the new setof
beliefs,

X��&H+IJ�J4@D|¨
. Theauxiliarydefinition

458�H)!
is givenin AppendixA.

> 6 ? IJ�&,��@��HM���
§T> {A�&�Q7 u �07 qsr ��6&��7KIJ8/�L¿eO��& �/7KIJ8/���07C��7C�
7 ? �V� r �@6&��7:Ic�f{�O�H)�/�����0�Q6�6��@��! u ��D�7C���t6@�
´�µ&¶ D��Q6�6@�A657KD�*V*g�
7 ? �R� r ��6&��7KIc��{�OtH)���y���c8��Iz{�O�H)�/�e�)D��Q6�6/®

�&�Q,E*V*g�
7 ? �R� r ��6&��7KIc��{�OtH)���y���c�&�Q,$\
´�µ5¶ {x 8����t!"D��Q6�6@�A657KD3*V*g�T�@O�� > � u �07 > 6&7KIJ8/�U�&�Q,��sD��Q6�6��x6&7JD�\
X��&H+IJ�K4@DS¨t*Ç458�H)!VOQ�5³458/��EIc�079�A657:IJ8��iX��&H+IJ�K4@D}{x 8����t!"D��Q6�6��x6&7JD

Twofurthercasesariseif aplansucceeds.If therearemoreplansin theintention,the
currentsubstitutionenvironment,

�
7 ? �N� r ��6&��7KIc��{�OtH)���y���c�&�Q,
, is updatedto includethe

appropriatebindingsfrom boththeachievedplan,
� r ��6&��7KIc��{�OtH)���

, andtheenvironment
of the next plan in the stack,

D&��6@8/��!�O�H)�/�e�c�5�0,
. The successfulplan instanceis then

removedfrom thetopof theselectedintentionsothatthenew executingplan,which is
re-activated,is thesecondin theoriginalstack.

%tq 	0�/�D
, returnsthesetof variablesof

a triggerevent.Also theinternaleventwhichgeneratedthecompletedplanis removed.
> 6 ? IJ�&,��@��HM���L¿��0H+�
> 6 ? IJ�5,�����H)���
È �h7 ? ��D&�&H)��657C��!�Ic�079�&�Q7:IJ8��y��ÉjÊ
´�µ&¶ D&��6@8/��!�O�H)�/��*V*w�h7 ? �YD&�&H)��657C��!�Ic�Q7C�&�Q7:IJ8��y�eËR\
´�µ5¶ ���&ª��5�0,E*V*
�
� %�q 	0���DF�h7 ? �R� r �@6&��7:Ic�f{�O�H)�/�t�5��8/�Iz{�OtH)���m�)Ic�0,f�¢Ì¼D5��6�8��t!@OtH)���m���&�Q,��L�

�
�
7 ? �V� r ��6&��7KIc��{�OtH)���y���c�5�0,FÍ~D&�@6�8/��!@OtH)���m�c�5�0,f�¢\
7 ? ��D&�5H)��6&79��!/Ic�Q7C�5�07KIJ8/��¨t*-7C��IcHL�
7 ? �YD&�5H)��6&79��!/Ic�Q7C�5�07KIJ8/�t���
�h7 ? �V� r �@6&��7:Ic�f{�O�H)�/� ¨ ���c�&�Q,E*w���&ª��5�0,p�
�h7 ? �V� r �@6&��7:Ic�f{�O�H)�/��¨c���)D�79�/7K��D3*d�x6&7KIc,��
ran

�&,��5�07JDS¨�*
ran

�&,"�&�Q7KD¢¾3Wf�J½]�p'��0�QX9{f8S�/H q ,��5�07�2��R�
ran

�&,"�&�Q7KD3�
7 ? �V�A�MIJ!=*w�
7 ? �V� r ��6&��7KIc��{�OtH)���y���MIJ!���^

If thereareno moreplans,the intentionhassucceededandcanberemovedascan
theexternaleventwhichgeneratedit.

> 6 ? IJ�&,��@��HM��� > �t! u �Q7C�5�07KIJ8/�
> 6 ? IJ�5,�����H)���
È �h7 ? ��D&�&H)��657C��!�Ic�079�&�Q7:IJ8��y��*wÊ
Ic�079�&�Q7:IJ8��QDS¨Q*gIc�079�&�Q7:IJ8��QD¢¾3D5�&H)��6&79��!�Ic�079�&�Q7:IJ8��
ran

�&,"�&�Q7KD ¨ *
ran

�5,��&�Q7KD�¾3W��³½T�R' qsr 79�&����/H q ,��5�07}2Q�R�
ran

�5,��&�Q7KD}�
7 ? �V�A�MIJ!=*w�
7 ? �V� r ��6&��7KIc��{�OtH)���y���MIJ!���^



Finally, if a branchfails but morebranchesremain,thesemay thenbe attempted.
If thereareno furtheralternatives,however, theplan fails. Whenthis is theonly plan
on the stack,the intention fails completely(which is not specifiedhere),otherwise
the substitutionenvironmentis appliedto the plan’s fail conditions,

45��IcH)�A657KD
, andthe

groundfail internalactions,
{x 8����t!h45��IcHM�x6&7JDS¨

, areperformed.Sinceit is not the only
plan on the stack,it musthave beentriggeredby an existing goal event in the event
queue,

8/�Iz{A�&,"�&�Q7
, which is thenfoundandupdatedto recordthefailedplaninstanceso

thatit is not retried.Thestatusof thesecondplanremainssuspended.
�L�/IcH ��H)�/�
§T> {A�&�Q7 u �07 qsr ��6&��7KIJ8/�L¿eO��& �/7KIJ8/���07C��7C�
7 ? �V� r �@6&��7:Ic�f{�O�H)�/���v�L�/IcH)��! u �QD�79�/��6��
´�µ&¶ 8��Iz{f�&,"�&�Q7¢*V*w�³½N�V' q ,"�&�Q7�2�7 ? �V�A�MIJ!=*w�
7 ? �R� r ��6&��7KIc��{�OtH)���y���MIJ!��5®

�&�Q,E*V*g�
7 ? �R� r ��6&��7KIc��{�OtH)���y���c�&�Q,$\
´�µ5¶ 45��IcH)�A657KDF*V*w�h7 ? �R� r �@6&��7:Ic�f{�O�H)�/�t�5��8/�Iz{�OtH)���m� 45�/IcH�\
´�µ5¶ {x 8����t!h45��IcHM�x6&7JDF*V*g�]��Ov� > � u �07 > 657:IJ8��U�5�0,f��45��IcHM�x6&7JDY\
X��&H+IJ�K4@DS¨t*Ç458�H)!VOQ�5³458/��EIc�079�A657:IJ8��iX��&H+IJ�K4@D�45�/IcH)�x6&7JD��
ran

�&,"�&�Q7KDS¨0*w�
ran

�&,"�&�Q7KD¢¾3W�8/�Iz{A�&,"�&�Q75^"��¹
Wx v�S�A� q ,"�&�Q7&�@8��Iz{f�5,��&�Q75�M7K�Iz{��"8��Iz{f�5,��&�Q75�MIJ!t�|8/�Iz{A�&,��5�075���&�Q,0�

�@8��Iz{f�5,��&�Q75� 45��IcH+��@��D�¹vW�� r ��65��7:Ic�f{�O�HM���e^"�
��^
7 ? ��D&�&H)��657C��!�Ic�Q7C�&�Q7:IJ8��t¨�*-7C��IcHh�
7 ? �YD&�5HM�@6&7C�@!/Ic�Q7C�5�07KIJ8/�t�

6 Concluding Remarks

TheBDI modelthatunderpinsdMARS is similar to othercomputationalmodelsused
in agentprogrammingenvironments.In particular, it is closelyrelatedto theConcurrent
METATEM programminglanguage,asdescribedin [10]. In ConcurrentMETATEM, an
agentis programmedby giving it an executablespecificationof its behaviour, where
suchaspecificationis expressedasasetof temporallogic formulaeof theform

O���D�7��
4���7K�� �

. Executionof theserules proceedsby matchingthe pasttime antecedentsof
temporallogic rulesagainstfuture time consequents;any rulesthat fire thenbecome
commitments, which theagentmustsubsequentlyattemptto satisfy. Perhapsthemain
conceptualdifferencebetweenConcurrentMETATEM andthe dMARS model is that
in dMARS,controlstructuresareexplicitly codedin plans;in ConcurrentMETATEM,
a run-timeexecutionalgorithmis responsiblefor determiningcontrol, in that it must
attemptto find anexecutionthatsimultaneouslysatisfiesits commitments.In [10], the
relationshipbetweenConcurrentMETATEM anddMARSis usedto encodeadMARS-
like interpreterasa setof ConcurrentMETATEM rules.Thesamepaperalsoprovides
an encodingof an abstractBDI interpreterusing the DESIRE system(essentiallyan
executablespecificationframework for knowledge-basedsystems).

In addition,anew abstractprogramminglanguage[9] with awell-definedformalse-
manticsin termsof atransitionsystemhasbeenbasedontheBDI model.Thislanguage
usesfeaturesof both logic programmingand imperative programming,andcaptures
someof the featuresof other BDI-basedlanguagessuchas AGENT-0 and AgentS-
peak(L).The key distinction betweenthis languageand the operationof a dMARS



agentis thatit containsnonotionof eventsand,indeed,theauthorssuggestthatevents
arenot necessaryfor agentlanguagesthatattemptto capturethe intuitionsof theBDI
model.However, in comprisonwith thedMARS formalisationcontainedin our paper,
whichprovidesastrong,computationalmodelof theoperationof adMARSagent(and
from which we claim systemscanbe implemented),it is not clearhow sucha strong
relationbetweenthe semanticsanda possibleimplementationmight be madein this
otherwork.

As thetechnologyof intelligentagentsmaturesfurther, wecanexpectto seea pro-
gressionfrom the “scruffiness”of early investigative work to the “neatness”of rigour
andformality. In this paper, we have contributedto thegrowing bodyof “neat” intel-
ligent agentresearch,by presentinga completeformal specificationof thebest-known
andmostimportantagentarchitecturedevelopedto date.

Thespecificationwehavepresentedin thispaperis significantfor a numberof rea-
sons.First, we needto understandclearlyhow anarchitectureworks in orderthatwe
canevaluateit againstothers.Implementationsaretoo low-level to allow suchevalu-
ationsto take place.Formal specifications,usingstandardsoftwareengineeringtools
like thewidely usedZ language,arean idealmediumthroughwhich to communicate
theoperationof anarchitecture(e.g.[4]).

Second,thereareunderstoodmethodsfor moving fromanabstractspecificationin Z
to animplementation,througha systematicprocessof refinementandreification.Such
a processis not possiblefrom a naturallanguagedescription.Reimplementationand
evaluationof thePRSarchitecturein differentlanguagesandenvironmentsis therefore
a realisticpossibility.

Finally, by understandingthemodel-theoreticfoundationsof PRS,(throughrigor-
ouslydefiningthedatastructuresandoperationson thosestructuresthatconstitutethe
architecture),we make it possibleto developa proof theoryfor thearchitecture.Such
a proof theoryhasbeendevelopedfor the MYWORLD architecture[18], andalsofor
Rao’s AgentSpeak(L)[11], which is itself a restrictedversionof PRS.Oncesuchan
axiomatisationis available,therewill exist a straightline from the implementationof
PRSto its theory, making it possibleto comparethe actualbehaviour of the archi-
tectureagainstthe philosophicalidealisationsof it that have beendevelopedby BDI
theorists[13]. In futurework, wehopeto investigatesuchaxiomatisations.
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of thespecificationcontainedin thispaper. Thanksto theUniversityof Westminsterand
theAustralianArtificial IntelligenceInstitute,for supportingandhostingthefirst author
duringthedevelopmentof this work. Thespecificationcontainedin this documenthas
beencheckedfor typecorrectnessusingthefuzzpackage[16]. Thanksalsoto Sorabain
deLioncourtwho identifiedanerrorin theoriginalspecification.
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A Auxiliary Z Definitions

The function,
458�H)!

, takesa function,an initial valueanda sequenceandapplieseach
elementin the sequenceto the initial valuein turn. The function,

�T�@O
, takesanother

functionandappliesit to every elementin a list. Similarly,
�T�@O�D&�57

, appliesa function
to everyelementin a set.

� Î��0Ï3#
458/H)!�'Q�KÎÐ£ÑÏj£¤Î���£¯Î(£��

seq
ÏV��£¯Î

�T�@Oi'0�KÎÐ£ÑÏF��£��
seq

Î���£Ò�
seq

ÏF�
�T�@O�D5�&7�'Q�KÎÐ£ÑÏV��£��J�VÎ��¢£Ò�³�ÂÏF�
 4�'0�KÎÐ£ÑÏj£¯Î��5® r 'AÎ�®}�T'�Ï$®}�"DV'

seq
Ïj\

458/H)!�4 r .:1�* r �
458/H)!�4 r � .h�f1e«��"D"��*Ç458/H)!�4U�z4 r �����"D

 4�'fÎ(£ÑÏ$® r 'AÎ�® r DF'
seq

ÎÐ\
�T�@OR4U.K1�*w.K1��
�T�@OR4U. r 1�*�.z4 r 1s�
�T�@OR4U� r D¢«~�"D"��*-�T�@Op4 r D�«��T�@OR4B�"D

 4�'fÎ(£ÑÏ$® r DF'x�VÎÐ\
�T�@O�D&�57�4 r D�*jW r ' r D3\�4 r ^

It is usefulto beableto assertthatanelementis optional.Thefollowing definitions
providefor anew type,

8@O�7:IJ8��t��Hh� % #
, for any existingtype,

%
, alongwith thepredicates,!x�K������!

and
���t!x�K������!

, whichtestwhetheranelementof
8@Ot7KIJ8/����Hh� % #

is definedor not.
Thefunction,

7 ? �
, extractstheelementfrom adefinedmemberof

8@O�7:IJ8��t��Hh� % #
.

8@Ot7KIJ8/����Hh� ÎB#y*V*gW r DY'x�RÎÓ2 È r D~ÔÒÊ/^

� ÎB#
!A�J������! �&����!A�J������! '/�¢� 8@Ot7KIJ8/���/Hh� ÎB#³�
7 ? �R'08@Ot7KIJ8/����Hh� ÎB#Â¦£¤Î
 r DV'08@Ot7KIJ8/����Hh� ÎB#y\w!x�K������! r D�Õ È r D¼*�Ê3�

���t!x�K������! r D}Õ È r D·*¤Ö
 r DV'08@Ot7KIJ8/����Hh� ÎB#�2E!x�K���t�@! r D�\

7 ? � r D3*w�J½ r 'AÎÓ2 r � r D"�



B Binding

Thestandarddefinitionof a substitutionis amappingfrom variablesto termssuchthat
no variablecontainedin any of the termsis in the domainof the mapping[6]. This
is representedasa partial functionbetweenvariablesandtermssince,in general,only
somevariableswill bemappedto a term.

�0�QX5D�7KIc7:��7KIJ8/�B*V*
W@4�'�	0��¸¦£ % �5��Ð2��

dom
4���×��9ØN�
�]��O0D&�&7¢7C�5��$,����DY�

ran
4�� �
��*[Zp^

Thefunction
> OxO�Hz�"�0�QX % �&��

applieseithertheidentitymappingto avariableif the
variableis not in thedomainof thesubstitution,or appliesthesubstitutionif it is in the
domain.

> �¢	0�/R'��0�QX5D�7KIc7:��7:IJ8��B£Ñ	0�/F£ % �&��
 ²�'����QX�D�7:Ic7K��7:IJ8��m®�,T'�	0�/F\

> �¢	0�/¢²·,E*��CW r '�	0�/Y\$� r �&,��� r ��^�ÍÂ²���,

We canthendefinewhatit meansfor a substitutionto beappliedto a term,internal
action,a situationformula,a plan,a goal,a belief formulaanda triggerevent,asgiven
by

> � % �5��
,
> � u �07 > 6&7KIJ8/�

,
> �Q�0Ic7³�e8���

,
> ����H)�/�

,
> � l 8|��H

,
> � G �5HzIJ�J4
�e8���$��H)�

and> � % �Iz{ q ,"�&�Q7
, respectively.

Considertwo substitutionsÙ and
¬

suchthatno variableboundin
¬

appearsany-
wherein Ù . The compositionof Ù with

¬
, written Ù �Y¬

, is obtainedby applying Ù
to the termsin

¬
andcombiningthesewith thebindingsfrom Ù . For exampleif Ù *

W ryÚ > �&� ÚAG ��Û Ú ±V^
and

¬<*nWf� Ú > �&, Ú �$� r �S�Q��Ûf��^
then, sincenoneof the variables

bound in
¬

(
���S,

) appearin Ù , it is meaningfulto composeÙ with
¬

. In this case
Ù ��¬U*gWA� Ú > �S, Ú �$� > � G �x±Y��� ryÚ > �&� ÚxG ��Û Ú ±V^

.
� Î��0Ï3#
� '����QX�D�7:Ic7K��7:IJ8���;i�0�QX5D�7KIc7:��7:IJ8��B£¥���QX�D�7:Ic7K��7:IJ8��

 Ù �@¬i'��0�QX5D�7:Ic7:��7KIJ8/�v2
�
dom

¬���×�� �
dom Ù �Ü¹ Ø �h�T�@O0D&�&7�7C�5��$,����DY�

ran Ù �
� �¢*jZ�\
Ù ��¬�*w� Ù ¹�W r '¢	0���®�7�' % �5��Ð2�� r �S7 �¢��¬�\$� r � > � % �&�� Ù 7 ��^��

A substitutionis a unifier for two expressionsif the substitution,appliedto both
of them,makesthemequal.A substitutionis more general thananothersubstitution
if thereexistsa third substitutionwhich, whencomposedwith thefirst, givesthesec-
ond. The mostgeneralunifier of two expressionsis a substitutionwhich unifies the
expressionssuchthat thereis no otherunifier that is moregeneral.Herewe definethe
signaturesfor themostgeneralunifierof two triggerevents,agoalwith asetof beliefs,
anda triggereventwith a goal.

�V{/�Q�&,��5�07JD~'Q� % �Iz{|{A�& q ,��5�07}; % �Iz{|{A�& q ,��5�07 �[¦£¥���QX�D�7:Ic7K��7:IJ8��
�V{/�Qo&�Q�&��w'Q� l 8|��H�;�� G �&H+IJ�K4t�[¦£¥�0�QX5D�7KIc7:��7KIJ8/�
�V{/�x{f8|��HU'Q� % �Iz{|{A�& q ,��5�07}; l 8|��HJ��¦£¥���QX�D�7:Ic7K��7:IJ8��


