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Abstract. In the areaof agent-basedompuing thereare mary proposalsfor
specificsystemarchitecturesanda numberof proposaldor generalapproachs
to building agentsAs yet, however, therearecomparatiely few attemptgo relate
thesetogethey and even fewer attemptsto provide methoddogieswhich relate
designsto architecturesandthento executableagents.This paperdiscussesn
attemptwe have madeto addresghis shortconing, describinga generaimethod
of definingarchitecturedor logic-basedagentswhich canbe directly executed.
Ourappro@his basedupontheuseof multi-context systemsandwe illustrateits
usethroughexamplesof the specificatiorof a simpleagerts.

1 Intr oduction

Agent-tasedcompding is fastemeging asa new paradign for engireeringcomple,
distributedsystemg18, 36]. An impartantaspecbf thistrendis the useof agentarchi-
tecturesasameanf delivering agent-lasedunctionality (asopposedto work onagent
progammirg langages19,31,34)). In this contet, anarchitectue canbeviewedas
aseparatio of conceris—it identifiesthe mainfunctionsthatultimatelygive riseto the
agents behaiour anddefinestheinterdegndencieshatexist betweerthem.As agent
architectuesbecane morewidely used,thereis anincreasiig denandfor unamligu-
ousspecificatios of themandthereis agreatemneedo verify implementationsof them.
To this end,a range of techniqueshave beenusedto formally specifyagentarchtec-
tures(includng Concurent MetateM[12, 35], DESIRE[3,32] andZ [8]). However,
thesetechniqestypically fall shortin at leastone of the following ways: (i) they en-
forcea particularview of architectureupm the specification{ii) they offer no explicit
structuregor modelling thecomponentsof anarchitectue or therelatiorshipsbetween
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them; (iii) they leave a gapbetweerthe specificationof an architectue andits imple-
mentation

To rectify theseshortomings,we have propsedthe useof multi-contet systems
[15] asameanf specifying andimplementilg agentarchite¢ures.Multi-context sys-
temsprovide an overarchingframework thatallows distincttheoetical compaentsto
be definedandinterrelatel. Suchsystemsconsistof a setof contets, eachof which
caninformally be consideedto be a logic anda setof formuae written in thatlogic,
and a setof bridge rulesfor transferring information betweencontets. Thus, differ
entcontets canbe usedto representdifferentcompamentsof the architectue andthe
interactiors betweenthesecompmentscanbe specifiedby meansof the bridge rules
betweerthe contets. We believe multi-context systemsarewell suitedto specifyirg
andmodellingagentarchitecturesfor two maintypesof reason(i) from a softwae en-
gineeringperspectivethey suppat moduar decompsitionandencapsulationand(ii)
from alogical modellirg perspectivethey provide anefficientmeansof specifyirg and
execuing comple logics.

From a software engineeing perspetive, multi-context systemssuppot the de-
velopmentof moddar architectues. Eacharchitectual compneni—beit a functional
compament(respasiblefor assessinthe agert’'s currentsituation,say)or a datastruc-
ture compnent(the agents beliefs, say)—canbe representeds a separatecontext.
The links betweerthe commpnentscanthenbe madeexplicit by writing bridgerules
to link the cortexts. This ability to diredly suppot compamentdecomppsitionoffersa
cleanroutefrom the high level specificatiorof the architectue throughto its detailed
design.Moreover, this basicphilosophycanbe appliedno matterhow thearchitectwal
compmentsaredeconposedor how mary architectual compmentsexist.

Moving ontothe logical modelling persgctive, therearefour main advantags of
adopting a multi-context apprach. The first is an extensionof the softwareenginer
ing adventageswhich specificallyappliesto logical systemsBy brealing the logical
descriptim of anagentinto a setof contets, eachof which holdsa setof relatedfor-
mulae,we effectively geta form of mary-sortediogic (all the formuaein onecontext
areasinglesort)with theconcanitantadvantagsof scalabilityandefficiengy. Thesec-
ond adventagefollows on from this. Using multi-cortext systemanakesit possibleto
build agentswvhich useseveral differentlogicsin away thatkeepghelogicsneatlysep-
arated(all theformulaein onelogic aregatteredtogetter in onecontext). This either
malkesit possibleto increasethe represetational power of logical agents(compared
with thosewhich usea singlelogic) or simplify agentsconcetually (conparedwith
thosewhichuseseverallogicsin oneglobalcontet). Thislatteradvartageis illustrated
belowv wherewe usemulti-context systemso simplify theconstructio of aBDI agent.

Both of the above advantagesapply to ary logical agentbuilt using multi-context
systemsTheremainng two adwvartagesapplyto specifictypesof logical agent—tlose
whichreasorabou theirbeliefsandthoseof otheragens. Thefirstis thatmulti-context
systemamalke it possible[15] to build agerts which reasonin a way which confams
to the useof modhl logics like KD45 (the standadl modal logic for handing belief)
but which obviatesthe difficulties usuallyinherentin theoren proving in suchlogics.
Again thisis illustratedin [23]. Thusthe useof multi-cortext systemanalesit easy
to directly execute agen specificatios wherethosespecificationglealwith modalno-



tions. Thefinal adwentageis relatedto this. Agentswhich reasoraboutbeliefsareoften
confrontedwith the prodem of mockelling the beliefsof otheragentsandthis canbe
hard,especiallywhenthoseotheragentsreasoraboutbeliefsin a differentway (be-
cause for instance they usea different logic). Multi-context systemsprovide a neat
solutionto this problem[1, 6].

When the software engneeringand the logical mocklling perspecties are com-
bined,it canbe seenthatthe multi-context appoachoffersa clearpathfrom specifica-
tion throughto implemenation. By providing a clearsetof mappngs from concet to
design,andfrom designto implementation the multi-context apprachoffersaway of
tacklingthegapthatcurrerily existsbetweerthetheoryandthepracticeof agent-lased
systems.

2 Multi-conte xt agents

As discussedbove, we believe thattheuseof multi-cortext systemffers anumberof
adwartageswhenengneeringagern architectues.However, multi-context systemsare
not a paraceaWe believe thatthey are mostappopriatewhenbuilding agerts which
arelogic-basedandaretherefoe largely delibeative?.

2.1 The basicmodel

Using a multi-context apprach, an agentarchitet¢ure consistsof four basictypesof
compament. Thesecompnentswerefirst identifiedin the context of building theoem
proversfor modallogic [15], befae beingidentifiedasa methalology for constructiig
agentarchitectureg20]. Thecompmentsare? :

— Units: Structual entitiesrepresentinghe maincompmnentsof thearchitectue.

— Logics Declaratve languags,eachwith a setof axiomsanda nunber of rulesof
infererce.Eachunit hasasinglelogic associatedvith it.

— Theories Setsof formulaewrittenin thelogic associateavith aunit.

— Bridgerules Rulesof inferencewhich relateformuaein differentunits.

Units representhe variols compmentsof the architet¢ure. They containthe bulk of
an agents problem solving knowledge, andthis knowledgeis encoad in the specific
theorythatthe unit encapulatesin geneal, the natureof the unitswill vary between
architectues. For exanple, a BDI agen may have units which repesenttheaies of
beliefs,desiresandintentiors (seeSection3), whereasanarchitectue basedn afunc-
tional separatia of concens may have units which encale theoriesof coopeation,
situationassessmerandplanexecutian (seeSectiond). In eithercase gachunit hasa
suitablelogic associatedvith it. Thusthebeliefunit of aBDI agen hasalogic of belief
associatedavith it, andthe intentionunit hasa logic of intention. Thelogic associated
with eachunit providesthe languagein which theinformationin thatunit is encaled,

! See[38] for adiscussiorof the relative meritsof logic-basedandnon logic-basedapproacles
to specifyingandbuilding agentarchitectures.
2 For moredetail see[20].



andthe bridge rules provide the mechaism by which informationis transfered be-
tweenunits.

Bridgerulescanbe understoodasrulesof inferercewith premisesandconclwsions
in different units.For instance:

Uy s P, uz 1 @
Uus : 0
meanghatformua 8 may be deducedin unit u 3 if formulae+ andy arededwcedin
unitsu; andus respectidly.

When usedas a meansof specifyingagentarchitectues, all the elementsof the
model, both units and bridge rules, are taken to work concurently. In practicethis
meansthat the execution of eachunit is a nonterminating dedutive process’. The
bridge rulescontinwouslyexamire thetheoriesof the unitsthatappeain their prenises
for new setsof formulaethat matchthem. This meanghatall the compnentsof the
architectue arealwaysreadyto reactto ary charge (externalor internal)andthatthere
areno centralcortrol elemetts.

2.2 The extendedmodel

Themockl asoutlined above is thatintroducedin [20] andusedin [23]. However, this
model has proved deficientin a cougde of ways, both connetedto the dynamicsof
reasonig. In particularwe found it useful[29] to extendthebasicideaof multi-context
systemgby associatingwo contrd elemers with the bridge rules: consumgion and
time-outs A consumilg condtion meansthe bridge rule removes the formua from
the theorywhich containsthe premse (rememler that a theoryis consideredo be a
setof formuae). Thus in bridge ruleswith consumiig condtions, formuae “move”
betweenunits. To distinguishbetweena consumiig cordition and a non-onsumirgy
condtion, wewill usethenotationu; > 1 for consumingandu; : ¢ for non-@nsumirgy
condtions. Thus:
(5% > ¢7U2 P
us : 0

meanghatwhenthebridgeruleis exeaited,y is removedfromu ; buty is notremoved
from us.

Consuning conditinsincreasexpressvenessn thecommunicationbetweerunits.
With this facility, we canmodé the movementof a formulafrom onetheol to anotter
(from oneunit to anotter), changesn the theol of one unit that causethe removal
of a formula from anotler one,andso on. This mechaism also makesit possibleto
modelthe concep of statesincehaving aconceteformulain oneunit or anotter might
represeha different agen state For exampe, laterin the paperwe usethe presene of
aformulain aparticularunit to indicatethe availability of aresource.

A time-aut in a bridge rule meansthereis a delay betweenthe instantin time at
which the condtions of the bridge rule are satisfiedandthe effective activation of the
rule. A time-outis derotedby alabelontheright of therule; for instance:

e
U2 Y
% For moredetailon exactly how thisis achiered,se€[29].



meanghatt unitsof time afterthetheoryin unit w; getsformula, thetheoryin unit
ug Will beextendel by formulag. If during thistime periodformulay is removedfrom
thetheoryin unit u4, this rule will notbeapplied.In a similar way to consunng con-
ditions, time-ous increaseexpressvenessin the communication betweenunits. This
is importantwhenactionsperiormedby bridgerulesneedto beretractedf a specific
evert doesnothapgenaftera givenperiodof time. In particdar, it enallesusto repre-
sentsituationswheresilenceduringa periad of time maymeanfailure (in this casethe
bridge rulescanthenbe usedto re-establista previous state).

2.3 Modular agents

Using unitsandbridge rulesasthe only structual elemets canbe cumbesomewhen
building complex agents (as can be seenfrom the model we develop below in Sec-
tion 3). As the compexity of the agen increasesit rapidy beconesvery difficult to
dealwith the necessarmunber of units andtheir intercomectionsusingbridgerules
alone.Adding new capabilitiesto the agentbecanesa comgex taskin itself. To solve
this prablemwe suggst addng anotheievel of abstractiorio the model—themodule

A modde is a setof units andbridgerulesthat togetter modela particularcapa-
bility or facetof anagent.For exanple, planring agentamustbe capalke of managiigy
resoures,andsuchanagentmighthave amodulemodelingthis ability. Similarly, such
an agentmight have a modude for generatig plans,a modde for handlirg commu
nication,andso on. Thusmodues captue exactly the sameideaasthe “capabilities”
discussedy Busettaetal. [4]. Unlike Busettaetal., we do notcurrenly allow modiles
to be nestednsideoneanotter, largely becauseve have notyet found it necessaryo
doso.However, it seemdikely thatwe will needto develop ameansf hardling nested
hieraches of modues in orde to build more complex agentsthanwe are currerly
constrieting.

Eachmodule musthave a comnunicationunit. This unit is the module’s unique
pointof contactwith the othermodulesandit knows whatkind of messagess module
candealwith. All of anagents commuicationunitsareinter-comectedvith theothers
usingmulticastbridge rules(MBRs) asin Figurel. ThisfigureshovsthreeMBRs (the
rectangesin the middle of the diagram) eachof which hasa singlepremisein module
a andasingleconclusionin eachof themoduesn;.

Sincethe MBRs sendmessaget morethanonemodule asinglemessageanpro-
voke morethanoneanswerand,hen@, cortradictoryinformationmay appearThere
aremary possiblevaysof dealingwith this prodem, howeverherewe considejustone
of themasanexanple. We associataweightwith eachmessageThisvalueis assigned
to the messagéy the commnunicationunit of the modue thatsendst out. Weightsbe-
long to [0, 1] (maximum importarceis 1 andminimum is 0), andtheir meaningis the

4 Bothof theseextensiorsto thestandardnulti-context systerrincur acost.Thisis thatincluding
themin the modelmeansghatthe modeldepartssomevhatfrom first orderpredicatecalculus,
andsodoesnot have a fully-definedsemanticsWe arecurrentlylooking at usinglinearlogic,
in which individua propositionscan only be usedoncein ary given proof, as a meansof
giving a semanticgo consumirg conditions,andvarioustemporallogicsasa meansof giving
a semanticgo time-outs.
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Fig. 1. Theinter-connectiorof modues (from a’s perspectie only)

strengthof the opinion givenin themessageandthis canbe usedto resohe contradkc-
tory messageds-orinstancethemessagevith highestweightmightbeprefered,or the
differentweightsof incomng messagesould be combired by a communicationunit
receving themto take afinal decision(for instanceusingthebeliefrevisionmechaism
describedn [21]). Notethatweightsareusedonly in inter-modue messages.

2.4 Messagedetweenmodules

Given a set AN of agentnamesanda set M N of module names,an intermodule
messagéasthe form:

I(S3 R7 (10’ G’ ¢)

where

— Iisanillocutionary particlethatspecifieghekind of message.

— S and R bothhave the form A[/m]*°> whereA € AN or A = Self (Self refers
to theagentthatownsthemodue) andm € M N, orm = all (all denots all the
modueswithin thatagent).S reflectswhois sendinghe messagandR indicates
to whom it is directed

— pisthecorntentof themessage.

® As elsavherewe useBNF syntax,so that A[/m]* meansA followed by one or more occur
renceof /m.



— G is arecordof thederiationof ¢. It hastheform: {{I'1 F ¢1}.. {I F ¥n}}
wherer is a setof formulaeandy; is aformua with ¢, = ¢ .
— 1 € [0, 1] is theweightassociatedvith themessage.

To seehow thisworksin practice consiarthefollowing. Supmsethatanagentnamel
B) hasfour modues(a, b, ¢, d). Modue a sendgshemessage:

Ask(Self [a, Self [all, Give(B, A, Nail),¥1,0.5)

This meanghatmodue a of agentB is askingall its moduleswhetherB shouldgive
A anail. Thereasorfor doing this is ¢; andtheweighta putson this requestis 0.5.
Assumemoduesc andd sendtheanswer

Answer(Self [c, Self /a, not(Give(B, A, Nail)), 12, 0.6)

and
Answer(Self /d, Self [a, not(Give(B, A, Nail)),3,0.7)

while modde b sends
Answer(Self /b, Self /a, Give(B, A, Nail),14,0.3)

Currentlywe treattheweightsof the messageaspossibilitymeasurefd], andsocom-
binethe disjunctive suppat for not(Give(B, A, Nail)) usingmax.As this combinel
weightis higher thantheweight of the positive literal, thecommunicationunit of mod
uleawill acceptheopinionnot(Give(B, A, Nail)).

Themessagewe have discussedofar arethosewhich arepassedrourd theagent
itself in order to excharge information betweenthe modules which composeit. Our
appr@achalsoadmitsthe morecomma ideaof messagebetweeragents Suchinter
agentmessagebave thesamebasicform, but they have two minor differences:

— S andR areagenthamegi.e. S, R € AN), no moduesarespecified.

— thereis no degree of impoitance (becase it is interral to a particdar agent—
however interagert messagesoud be augnentedwith a degree of belief [21]
which couldbebasedupontheweightof therelevart intra-agentmessages.)

With thismachiney in place wearein apositionto specifyrealisticagentarchitectues.

2.5 Examplesof multi-context agents

This remaincbr of this papercontairs two exanplesof agen specificatiorusingmuilti-
contet systemseachillustratingoneof theusesof unitsintroducedn Section??—the
first of these(basednthemodelin [23]) is thatfor aBDI agentthe secondbasedn

% In otherwords,G is exactly thesetof grourdsof theargumer for ¢ [23]. Wheretheagentdoes
not needto be ableto justify its statementsthis compmentof the messageanbe discarded.
Notethat,asarguedby Gabbay{13] this approachs a generalisatiorf classicalogic—there
is nothingto stopthe sameapproactbeingusedwhenmessagearejust formulaein classical
logic.



the mockl in [29)), is thatfor anagentin which the architectual units arebasedon a
functional separatiorof corcerns.Thefirst illustrateshow the multi-context appoach
canbeusedto hardle thekind of “mentalattitudes’agentarchitectueswhich have be-
comecomma. Thesecondshavs how modues canhelpto simplify the multi-context
model.

Both of theseexanplesarebasedarourd the exampleof home improvemer agents
introducedin [22], andsketchedbelow’. In orderto save space(andalsoto save the
sanityof theauthas andreadergamiliar with theexampe), neithertreatmentloes ary
morethanspecifytheagents—fller versionscanbefound in the papes citedabove.

For thoseunfamiliar with the exampe, it is asfollows. Two agents A and B have,
respectiely, thetasksof handng a picture andharging a mirror. A knows oneway of
handng apictureandoneof handng amirror. B justknowshow to harg amirror (using
adifferenttechniquefrom A). A hasthemeango harg a mirror usingits techniqe, B
hasthemeango handeitherits mirror, usingits own techniqe, or A’s picture. Thefull
solutionto the prodem involves A corvincing B to useA’s appr@chandresoucesto
hangthe mirror sothat A canuseB’s resoucesto hangthe picture.

3 Agentswith mental attitudes

Ourfirst exanple examireshow a particularclassof agen archite¢ture—BDIl agents—
canbemodelledandthendescribesiow particdar individualsof thatclasscanbespeci-
fiedin orderto solvetheexamge. Thisseemsanappr@riatechoicebecaus®DI agents
arecurrently of wide interestwithin the multi-agentsystemcommunity [37].

3.1 A high-level description

Thefirst stepin specifyingtheagentis to chosethe unitsandthelogicsthatthey con-
tain. In this exanple, thechoiceis driven by thefactthatwe aremodelling BDI agents.
The particulartheoy of BDI on which the architectue is basedis that of Rao and
Geogeff. Thismodel hasevolved overtime (ascanbeseerby comparing[25] and[26])
andin this sectionwe accoumfor themostrecentapprach[26] wherethreemodaities
aredistinguished B for beliefs—usedo representhe stateof the ervironmen, D for
desires—usetb representthe motivations of the agent,and I for intentiors—usedo
representhe ends (or goals)of the agent.In order to fit this kind of mockl into our
multi-context framenork, we associate separateinit for eachof the modalities®

As dicussedn [23], we couldthenequipeachof theseunitswith exadly thesame
logic asis usedin Raoand Geogeff’'s model,taking thelogic of the belief unit to be
modallogic KD45 andthe logics of the desireand intentian units to both be modal
logic KD, andto take all thesemodallogicsto be combired with the tempoal logic
CTL [10]. However, it is morein the spirit of multi-context systemdq15] to take B,
D and[ aspredicdes.Suchsystemsagainhave separaté3, D andI unitsalongwith

7 Initially unnaned, this exampge seemso have becomeknown as“The Nail Problem”(TNP);
despitebeingsimpleto expresst turnsoutto beratherhardto handle.

8 |n factthe generalapproat allows morethanoneunit for beliefs(asin [5]), desiresor inten-
tionsif deemedappropiate.In theexamplespresentedhowever, thisis not necessary



Fig. 2. Differenttypesof BDI agent.From left to right, the relationsbetweenmodalitiescorre-
spondto strongrealism realismandweakrealism.

a comnunicationunit, andusefirst orderlogic. The necessarynteractionbetweerthe
predicaesis establishedisingbridge rules(asdiscussedbelon) andthe axioms of the
relevart modal logics are modelledby addirg formuae to the theofes in eachunit
(againthisis discussedbelaw).

3.2 Specificationof bridge rules

Having decided on the unitsandthelogicsthatthey contain,the next stepin the spec-
ification is to write down the bridge ruleswhich conrectthe units. Herewe have two
distinctsetsof suchrules.Thefirst mockl therelationslips betweerbeliefs,desiresand
intentiors. Thesearedomain indgopendehandwould hold for ary BDI agentspecified
in thisway. Thesecondnodel somedomainspecificknowledge.

BDI bridge rules As statedabove, the setof bridge rulesdetermire the relationslip
betweenthe modalitiesand hencethe behaiour of the agent.Threewell established
setsof relationshi for BDI agerts have beenidentified[26]:

— Stongrealism The setof intentiors is a subsef the setof desireswvhichin turn
is a subsetof the beliefs. Thatis, if anagentdoesnot believe somethingit will
neitherdesirenorintendit [25].

— RealismThesetof beliefsis a subsebf the setof desireswhichin turnis asubset
of the setof intentiors. Thatis, if anagentbelieves somethingit bothdesiresand
intendsit [7].

— Weakrealism A casein betweerstrongrealismandrealism.Agerts do notdesire
propertiesthe negation of which arebelieved do notintendpropositionsthe nega
tions of which aredesired,anddo not intendpropasitionsthe negationsof which
arebelieved[24].

Figure2 gives asuitablesetof bridgerulesfor eachof theseinterpetationsin [23], we
only consideed strongrealistagentsin addition to this setof rules,we found thatwe



needed cowple of addtional ruleswhich relateintentionsto beliefs:

AWARENESS_OF_INTENTION(1) = %

I: —|I'(Oé)
AWARENESS_OF_INTENTION(2) = ———-"—~"
( ) B : B,(—J,(a))
Agentsareawareof theirintentiors, soif anagenthasanintention it alsobelievesthat
it hasthatintention.

B : Bi(Ii(a))

IMPLUSIVENESS = T Ii(a)

Whenanagentbelieves it hasanintentian, it adoptsthatintention

Theselasttwo aresimilar in somewaysto the basicrulesof modal logic®, except
thatin standardnodal logic they don't applyacrossmodalitiesin theway thatthey do
here.

Domain dependentbridge rules Thebridge rulesfor theapprgriateform of realism
will berequred for the specificatiorof ary suchagen whaterer domain it is operatiry
in. Withoutthem,theagen will notconformto RaoandGeogeff’s ideaof whata BDI
agents. In addition we believe thattheawarenssof intentionsandimplusivenessules
(or sometling like them)will berequired in practiceby any BDI agent.

In additionto thesedomainindependentules,ary agentwill require asetof bridge
ruleswhich definehow it interactswith otheragentsin the domainof this examge,
theserelatethementalstateto whatanagen says(andwhatit heargo its mertal state).
Theseareasfollows!®:

I: I;(Give(X,i, 2))
C: Ask(i, X, Give(X, i, 2))

REQUEST =

Whenanagent(i) needssomething Z) from anotteragent(X), it asksfor it

I: I;(Give(i, X, Z))
C:Tell(i, X, Give(i, X, Z))

OFFER =

Whenanagen (i) hastheintentionof offering somethingZ) to anotter agen (X), it
informstherecipientof this fact.

C:Tell(X,i,Bx(¢))

TRUST =
Whenanagent(:) is told of a belief of anotleragent(X), it acceptghatbelief.
AWARENESS_OF ILLOCUTIONS = —Z1%
h h B B : Bz(a)

% In particularthe positive andnegative introspectioraxioms4 and5 andthe T axiom.
10 Notethatin therestof thepapeme adop a Prolog-like notationin whichtheuppercasdetters
XY, Z, P aretakento bevariables.



In addition Figure2 includessomebridgeruleswhichallow thetransferof information
betweerthe commuicationunit andthe belief andintentionunits. Thesecaptue the
factthatan agentwith anintentionto carry out an actionwill commuicatethatfact,
andwhenanaget receves notificationthatanotler agenthascarriedoutanaction,the
first agentbelievesthis.

This comgetesthe setof bridge rulesthatwe requre for our examge, andwe can
passon to conside the logical theoies with which eachunit is instantiatedHowever,
before doing so, conside that we have now specified13 bridge rulest! to conrect 4
units. It is this tight network of intercomectionthatled usto consice the moduar ap-
proadt descritedin Section2.3.

3.3 Instantiating the contexs

Having specifiedthe contets, logics and bridge ruleswe have to considerwhat for-

mulaewill appearin eachunit. Someof thesewill be specificto anindividual agent
(thedesireswith whichit is progmmmedor examge), but otherswill be moregereric

andbecomnon betweera numker of agentslt is thesemoregenericformuaethatwe

considethere.In the caseof the homeimprovenentagentspothagentsneeda simple
theoryof actionthatintegratesa mocel of the availableresourcesvith their plannirg

mechaism. Thistheoryneedd4o modelthefollowing ideas(wherei is anindex identi-

fying theagent):

Ownership. Whenanagent(X) is theowne of anartifact(Z) andit gives Z to anotter
agent(Y), Y becomsits new owne:

B : Bi(Have(X, Z) A Give(X,Y, Z) — Have(Y, Z))
Unicity. Whenanagent(X) givesanartifact(Z) away, it nolonge ownsit 2
B : Bi(Have(X, Z) A Give(X,Y, Z) - ~Have(X, 7))

Benevolence. Whenan agen ¢ hassomething(Z) thatit does notintendto useand
is asled to give it to anotheragen (X), ¢ adoptsthe intentionof giving Z to X.
Naturallymore comgex coopeative stratgiescanbe definedif desired:

B : Bi(Have(i, Z) A ~I;(Have(i, Z)) A Ask(X, i, Give(i, X, Z)) —
Ii(Give(i, X, Z)))

1 Thatis we require13 in orderto specifya strongrealistagent.A weak realistagentwould
requirel5.

12 As it standsthis formula appearscontradictory This is becausewe have, for simplicity, ig-
noredthe treatmentof time. Of course,the completespecificationof this example (which
is not our main focus) would needtime to be handled.We could do this by including time
as an additionalargumen to eachpredicate,in which casethe unicity formula would read
B : Bij(Have(X, Z,t) A Give(X,Y, Z,t) - ~Have(X, Z,t + 1)). Doing this would in-
volve making the baselogic for eachunit “time capatte”, for instanceby usingthe system
introducedby Vila [33].



Thefollowing axiomsrepresena similarly simplistictheoryof planring (but agan one
which sufficesfor our example) In crude terms,whenanagentbelieves thatit hasthe
intentionof doing somethily andhasa rule for achieving thatintentionthenthe pre-
condtions of therule becone new intentiors. Recallthatthe — betweerthe P; and@
is notmaterialimplication

Parsimony. If anagentbelievesthatit doesnotintendsomethim, it doesnot believe
thatit will intendthemeango achieveit.
Reduction. If thereis only one way of achie/ing an intention, an agentadofis the
intentionof achieving its precanditions.
A\ ﬁBi(Rl AN...ANR, — Q) — Bl(Iz(PJ))
whereR; A ... A R, isnotapernutationof P; A ... A P,.
Unigue Choice. If therearetwo or morewaysof achieving anintention only oneis
intended Notethatwe usesy to dende exclusive or.
BBz(It(Q))/\Bz(Pl/\/\P]/\/\Pn —)Q)
/\Bi(Rll\.../\Rm—)Q) —
Bz(Iz(Pl AR Pn)) \V BZ(I,(Rl AN...A Rm))
whereR; A ... A R, isnotapermutatio of P; A ... A P,. As mentionel above, we
acknavledgethatboththetheoryof actionandthetheoy of plannirg arerathernaive.
Theinterestedeadelis encarragedo substitutetheir own suchtheoriesf desired.
Sofar, we have identifiedthe contexts andthelogicsthey will contain,decided on
the bridge rulesbetweerthem,andidentifiedthe bits of thetheoriesexpressedn each

logic thatarecomman to both agentsin our exanple. It remainsto addto the model
thosebits of thetheoresthatareunique to eachagent.

3.4 Instantiating the individual agens
Agenta hasthe intentionof handgng a picture,it hasvarious beliefsabaut resources
andhow they canbe usedto hangmirrors andpictures:
I:1,(Can(a, hang-picture))

: B, (Hawve(a, picture))
Hawve(a, screw))
Have(a, hammer))

(

(

Have(b,nail))

Have(X, hammer) A Have(X,nail) A Have(X, picture) —
Can(X, hang_picture))
B : B,(Have(X, screw) A Have(X, screwdriver) A Have(X, mirror) —
Can(X, hang-mirror))

Do w

Ba(

By (

B, (Have(a, screwdriver))
: By (

Ba(



goal plan
manager library

! !

resource

manager

Fig. 3. Themoduesin theagent

Now, agenth wantsto hangamirror (andhasthisasanintentian) andhasvariousbeliefs
abou its resourcesndthe actionof hangirg mirrors:

: Iy (Can(b, hang-mirror))

: By(Have(b, mirror))

: By(Have(b,nail))

: By(Have(X, hammer) A Have(X,nail) A Have(X, mirror) —
Can(X, hang-mirror))

B W~

We have now demanstratechow the multi-cortext approachcanbe usedto specify
BDI agentsAs mentioredabove,[23] shavs how this specificatiorcanbeusedo solve
theexampe.

4 A functional agent

This sectiongives a specificationof anagentwhich is capableof solvinga simplified
versionof thehomeimprovemen example. Thesimplificationis to reducetheprodem
to onein which a single agenthasall the resourcesiecessaryo hanga picture. As
a result,compaed with the more comgex versionsof the hone improvementagents
describedabove, the agett is not quite solipsistic(sinceit hassomeawareressof its
ervironmen) butit is certainlyautistic(sinceit hasnomechanism$or interactirg with
otheragents)For anexampge of the specificatiorof furtheragentsn the context of this
examge, see[29,27]*3.

4.1 A high-level description

Thebasicstructureof theagentis thatof Figure3. Therearethreemodulesconneted
by multicastbridge rules.Thesearethe planlibrary (PL), theresoure managr (RM),

13 Notethat[27] is distinctfrom [28]. Theformeris theversionin theworkshoppreproceeihgs,
whereadhelatteris the versionavailablein the publishedproceelingsandthe examplesthey
containaresubstantiallydifferent.



andthe goal managr (GM). Broadly speakily, the plan library storesplansfor the
tasksthatthe agert knows how to comgete, the resourcananage keeys track of the
resouresavailableto theagentandthe god manaerrelatesthe goalsof the agentto
theselectionof apprariateplans.

There aretwo typesof messagevhich getpassedilongthe multicastbridgerules.
Thesearethefollowing:

— Ask: areguestto anothemodue.
— Answer: ananswelto anintermodulerequest.

Thusall the modulescando is to make reqlestson oneanotter andanswerthosere-
questsWe alsoneedto definethe predcateswhich form the contentof suchmessages.
Givenasetof agentnamesA N, andwith AN’ = AN U {Self.

— Goal(X): X is astringdescribirg anaction. This dendesthe factthatthe agent
hasthegoal X .

— Have(X, Z): X € AN' isthenameof anagen (here alwaysinstantiatedo Sel f,
theagents namefor itself, but avariablesincethe agen is avarethatotheragents
may own things), and Z is the nameof anobject. This dendesAgent X haspos-
sessiorof Z.

As canbeseerfrom theabove,theconter of themessageis relatively simple,refering
to goalsthattheagenthas,andresoucesit possessed.hus atypical messagavould be
areqlestfrom thegod manageasto whethertheagentpossesseashamner:

ask(Self /GM, Self [all, goal(have(Self, hammer)),{})

Notethatin this messageasin all message the remairder of this paperwe ignore
theweightin theinterestsof clarity. Sucha requestmight be generatedvhenthe goal
managr is trying to ascertainf the agentcanfulfill a possibleplanwhich involves
usingahammer

4.2 Specificationsof the modules

Having identifiedthe structureof the agentin termsof modues, the next stagein the
specifications to detailtheinternalstructureof the modulesin termsof the unitsthey

contain andthe bridgerulesconrectingthoseunits. The structureof the planlibrary

modue is given in Figure4. In thisdiagram unitsarerepresetedascircles,andbridge
rulesasrectanglesArrows into bridge rulesindicateunitswhich hold the antecednts
of the bridgerules,andarrows out indicatethe unitswhich hold the consegants.The
two unitsin theplanlibrary modue are:

— The comnunicationunit (CU): the unit which handes commuicationwith other
units.
— Theplanrepaitory (S): aunitwhich holds a setof plans.

Thebridge rule conrectingtheseunitsis:
CU > ask(Self [ Sender, Self /all, goal(Z),{}),
S : plan(Z, P)

GET-PLAN = CU : answer(Self /| PL, (Self /| Sender, goal(Z),{P})




GET_PLAN

Fig.4. Theplanlibrary module

ALLOCATE

Fig. 5. Theresourcananagemodue

wherethe predicateplan(Z, P) dendesthe factthat P, takento be a conjunction of
terms,is aplanto achieve thegoal Z 4.

Whenthecommunicationunit seesa messagentheinter-modulebusaskingabout
the feasibility of theagentachieving a god, then if thereis a planto achiese thatgoal
in the planrepositoy, thatplanis sentto the modue which asledthe original question
Notethatthe bridgerule hasa corsumingcondtion—thisis to ensurehatthe question
is only answerednce.

Thestructureof theresouice managemodule is givenin Figure5. Thetwo unitsin
thismodule are:

— Thecommunicationunit (CU).

¥ Thoughherewe take a ratherrelaxed view of what constitutesa plan—our“plans” arelittle
morethana setof pre-conditiondor achiezing thegoal.



MONITOR

RESOURCE

Fig.6. Thegoalmanagrmodule

— Theresourcaespository(R): a unit which holdsthe setof resoucesavailableto
theagent.

Thebridge rule conrectingthetwo unitsis thefollowing:

CU > ask(Self /Sender, Self /| Receiver, goal(have(X, Z)), {}),
R > resource(Z, free)

CU : answer(Self |RM, Self /| Sender, have(X, Z),{}),
R : resource(Z, allocated)

ALLOCATE =

wherethe resource(Z, allocated) dendesthe factthattheresoure Z is in use,and
resource(Z, free) denoteghefactthattheresouce Z is notin use.

Whenthecommuiicationunit seesa messagentheintermodulebusaskingif the
agenthasaresoure, then,if thatresouceis in theresourcaepasitory andis currerily
free,the formula recading the free resouce is deletedby the consuming condtion, a
new formua recadingthefactthattheresouceis allocateds writtento therepasitory,
and a respose is postedon the intermaodule bus. Note that designatig a resouce
as‘“allocated” is not the sameas consuming a resouce (which would be dended by
the deletionof the resouce), andthat onceagainthe bridge rule deletesthe original
messagérom thecommunicationunit.



The goalmanageits rathermore comgex thaneitherof the previous modueswe
have discussedasis immediatelyclear from Figure 6 which shavs the modues it
contairs, andthe bridge ruleswhich conrectthem.Thesemoduesare:

— Thecommunicationunit (CU).

— Theplanlist unit (P): thiscontainsalist of planstheexecutionof whichis currerly
beingmonitored.

— The goal managr unit (G): this is the heartof the module, andensureghat the
necessargub-galingis carriedout.

— Theresourcdist module(R): this containsalist of theresoucesbeing usedaspart
of planswhich arecurrently beingexecuted.

The bridge rulesrelatingtheseunits are asfollows. The first two bridge rules hardle
incomirg informationfrom the communicationunit;

CU > answer(Self /|RM, Self |GM, have(Self, Z),{})

RESOURCE = "7
PLAN — CU > answer(Self | PL, Self |GM, goal(Z),{P})
B P : plan(Z, P)

Thefirst of these RESOURCE, looksfor messagefom theresourcenanagerepot-
ing thatthe agenthaspossessionf someresouce. Whensucha messagearrives,the
goalmanagr addsa formua repesentingheresourcdo its resoucelist modue. The
seconcbridge rule PLAN doesmuchthe samefor messagefrom the planlibrary re-
porting the existenceof a plan—suclplansarewritten to the planlibrary. Thereis also
abridgerule ASK which geneatesmessagefr othermodules:

G : goal(X),
G : not(done(X)),
R : not(X),
P : not(plan(X, Z))
G : not(done(ask(X))),
CU : ask(Self |G, Self [all, goal(X), {}),
G : done(ask(X))

ASK =

If the agenthasthe goal to achieve X, and X hasnot beenachieved, nor is X an
availableresouce (andtherebrein the R unit), nor is therea planto achiere X, and
X hasnotalreadybeenreqestedirom othermodues,then X is requestedrom other
moduesandthis requestis recorad. Theremainng bridgerulesare:

G : goal(X),
R : not(X),

P : plan(X, P)
G : monitor(X, P)
G : goal(X),

R:X
G : done(X)

MONITOR =

DONE =



TheMONITOR bridgeruletakesagoal X and if thereis noresourceo achiere X but
thereis a planto obtainthe resourceaddsthe formula monitor(X, P) to the G unit,
which hastheeffectof beginnningthesearctfor theresoucesto carryouttheplan.The
DONE bridgerule identifiesthata goal X hasbeenachieved whena suitableresouce
hasbeenallocated.

4.3 Specificationsof the units

Having identifiedthe individual units within eachmodue, andthe bridge ruleswhich
conrect the units, the next stageof the specificationis to identify the logics present
within the various units, and the theoies which are written in thoselogics. For this
agentmostof the units are simple containes for atomicformuae. In contast,the G
unit contairs atheorywhich contrds theexectution of plans.Therelevantformuaeare:

monitor(X, P) — assert_subgoals(P)
monitor(X, P) — prove(P)
monitor(X, P) A proved(P) — done(X)

assert_subgoals(/\ Y;) = /\ goal(Y;)

prove(X A /\Y,) A done(X) — prove(/\ Yi)

2

/\ done(Y;) — proved(/\ Vi)

Themonitor predcateforcesall the conjunctswhich male up its first agumentto be
goals(whichwill bemonitaedin turn), andkicks off the“proof” of the planwhichis
its seconcargument®, This planwill bea conjunctionof actions andaseachis “done”
(a stateof affairs achieved through the allocationof resource by otherbridge rules),
theproofof thenext conjunctis sough. Whenall have been‘proved”, therelevart goall
is markedascompgeted.

The specificationas presentedso far is geneic—it is akin to a classdescriptim
for a classof autistichomeimprovenent agerts. To get a specificagentwe have to
“program” it by giving it informationabaut its initial state.For our particdar exanple
thereis little suchinformation,andwe only needto addformulaeto threeunits. The
planrepaitory holdsaplanfor hangng picturesusinghammes andnails:

S : plan(hangPicture(X),
have(X, picture) A have(X, nail) A have(X, hammer))
The resouce repositay holdsthe information that the agenthasa picture nail anda
hamme:
R : Resource(picture, free)

15 Givenour relaxedview of planning,this “proof” consistof shaving the pre-condtions of the
plancanbe met.



R : Resource(nail, free)

R : Resource(hammer, free)

Finally, the goal managr contairs the fact that the agen hasthe goal of harging a
picture:

G : goal(hangPicture(Self))

With this information,the specifications comgete. A full descrigion of the execution
of this specificatioris containedn [28].

5 RelatedWork

Therearetwo mainstrandof work to which oursis related—work on exeautableagent
architectuesandwork on multi-context systemsAs mentione abose, mostprevious
work which hasproducedformal modelsof agentarchitectues,for exanple dAMARS
[16], Agent0[30] andGRATE* [17], hasfailedto carryforwardtheclarity of the speci-
ficationinto theimplemenation—thee is aleapof faith requred betweerthetwo. Our
work, on the otherhand maintainsa clearlink betweenspecificationandimplemen
tation through the direct execution of the specificationas exemplified in our ruming
examge. This relation to direct exeation also distingushesour work from that on
modelling agentsin Z [8], sinceit is notyet possibleto directly execue a Z specifica-
tion. It is possibleto animatespecificatios, which makesit possibleto seewhatwould
happenif the specificationwere exeauted,but animding agen specificationss some
way from providing operdional agents.Our work also differs from that which aims
to descrile the opertionalsemanticof agert architectuesusingthe n-calculus[11],
sinceour mocels have a declaative ratherthananoperatioml semantics.

Moredirectlyrelatedto ourwork is thaton DESIREandConcurentMetateM.DE-
SIRE[3,32] is a modelling framework originally conceved asa meansof specifyirg
complex knowledge-baedsystemsDESIREviews boththeindividual agentsandthe
overall systemasa comppsitionalarchitectue. All functiorelity is designedisa series
of interactiry, task-basechierachically structued compaments.Thoughtherearesey-
eraldifferencesfrom the poirt of view of the propsaladwocatedn this pape, we can
seeDESIRES tasksasmodulesandinformation links asbridge rules.In our appoach
thereis no anexplicit taskcontrd knowledgeof thekind foundin DESIRE.Thereare
no entitiesthat contrd which units, bridge rules or modudes shouldbe activatednor
whenandhow they areactivated Also, in DESIREthe communicationbetweentasks
is carriedout by the information links that are wired-in by the designengineerOur
inte-modulecommunicationis organizedasa busandtheindependene betweermod
ulesmeansnewn onescanbe addedwithout modifying the existing structurs. Finally
the communicationmodelin DESIRE is basedon a one-tcone connectio between
tasks in a similar way to thatin which we connectunitsinsidea modue. In contrast,
ourcommuricationbetweermoduesis basedn a multicastmockl.

Concurent MetateMdefinescorcurren semanticsat the level of singlerules[12,
35]. Thus anagentis basicallya setof tempor&ruleswhichfire whentheir antecednts
are satisfied.Our apprach doesnot assumeconcureng/ within the commnentsof



units, ratherthe units themseles arethe concurentcompamentsof our architectues.
This mears thatourmockel hasaninheren concurentsemanticatthelevel of theunits
andhasno centralcontrd mechaism. Thowgh our exemplar useswhatis essentially
first orderlogic (albet a first order logic labelledwith arguments),we could useary
logic we choose—warenot restrictedto atempoal logic asin MetateM.

Thee are also differencesetweenour work and previous work on using multi-
context systemdo modelagens’ beliefs.In thelatter[14], differentunits, all contain
ing a belief predicate are usedto repesentthe beliefs of the agentandthe beliefs of
all the acquaitancesof the agent.The nestedbeliefs of agentsmay leadto tree-like
structuresof suchunits (calledbeliefcontexts). Suchstructureshave thenbeenusedto
solve prablemslike the threewise men|[6]. In our case,however, ary nestedbeliefs
would typically be includedin a singleunit or modue. Moreover we provide a more
compehensie formalisationof anautoromousagentn thatwe additiorally show how
capabilitiesotherthanthatof reasonig abaut beliefscanbeincorporatednto thearchi-
tectureln thislatterrespecthis pape exterdsthework of [23] with theideaof modules
whichlinks theapprachmorestrondy with the softwareengireeringtradition.

6 Conclusions

This pape hasproppseda generdappoachto definingagen architectureslt provides
a meansof structuing logical specification®f agetts in a way which makesthemdi-
rectly executable.This appoachhasa nunberof adventagesFirstly it bridges thegap
betweerthe specificatiorof agens andthe progamswhich implemen thosespecifica-
tions. Secondy, the modudarity of the appoachmalesit easierto build agentswhich
are capate of carrying out compex taskssuchasdistributed planning From a soft-
ware engireeringpoint of view, the apprach leadsto architectueswhich are easily
expardable,andhave re-useableconponerts.

From this latter point of view, our apprachsuggesta methoalogy for building
agentswvhich hassimilaritieswith objecterienteddesign2]. Thenotionof inheritarce
canbeappliedto groys of unitsandbridge rules,modulesandevencomplée agents.
Theseelementsould have a geneal designwhichis specializedo differentandmore
conceteinstancesy addng units andmodues, or by refining the theoies insidethe
units of a geneic agenttemplate However, befae we candevelop this methoalogy;,
thereare someissuesto resohe. Firstly thereis the matterof the semanticsof the
comsuning condtions andtime-ous in bridgerules.Seconlly, thereis the questionof
how to hande nestechieraclies of modues—somethingvhichis essentiaif we areto
develop really complec agerts.
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