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Abstract. A significantclassof agentarchitecturesdesignedfor operationin a
multi-agentworld choosetheir next actionsor plansbasedon a limited anal-
ysis; they ignoreconsiderationsof the multi-agentworld they inhabit, and the
inter-agentrelationshipthat might influencetheir choiceof action.This paper
addressesthat problem,andfocuseson the integrationof BDI-lik e agentarchi-
tectureswith computationalnotionsof normsanddependenceto arriveatacom-
putationalmulti-agentorganisationmodel.We describeinitial work in pursuitof
thatgoal.

1 Introduction
Much researchin thefield of intelligentagentsandmulti-agentsystemshasbeencon-
cernedwith thedevelopmentof computationalagentarchitecturesthataredesignedto
solve particularproblemsor offer generalagent-basedsolutions.Progressin this area
hasbeensignificant,andthereis now arangeof architecturesto suitavastarrayof prob-
lem scenarios.Similarly, at the organisationallevel, a rich setof abstractions,which
includessuchconcernsas normsanddependencies,hasbeenidentified andstudied.
However, thesetwo importantandcomplementaryaspectsof the field of agent-based
systemssit somedistancefrom eachother, withoutadequateintegration,particularlyat
thelevel of computationalarchitecture.In particular, a significantclassof agentarchi-
tecturesthataredesignedfor operationin amulti-agentworld choosetheirnext actions
or plansbasedon a very limited analysis(if any analysisat all) of theseorganisational
issues.That is to say that althoughthe intention is for multi-agentoperation,these
systemsignoreconsiderationsof themulti-agentworld they inhabit,andtheinter-agent
relationshipthatmight legitimatelyinfluencetheirchoiceof action.Wetargetthisprob-
lem, andfocuson the integrationof BDI-lik e agentarchitectureswith computational
notionsof normsanddependenceto arriveat a computationalmulti-agentorganisation
model.In this paperwedescribeinitial work in pursuitof thatgoal.

In thenext sectionswe presenta particularkind of agentbasedon theBDI model
of agents.Then,we describeimportantnotionsof power anddependence,andfinally
considernormsbeforesummarising.Thekey point is thatalthougheachsectionfocuses
ondifferentaspects,they areintegratedbothin themathematicaldescriptionandin the
textual explanation,offeringa unifiedaccountof architecture,power, andnorms.

2 An Abstract BDI Agent
Perhapsthemostcommonandmostwidely citeddeliberative agentarchitectureis the
BDI architecturein its many formsandguises.Basedaroundintuitive folk psychology
notionsof belief, desireandintention,BDI hasbecomealmosta default architecture,
or a basearchitecturefrom which to considermoreadvancedor moresophisticatedas-
pectsnotaddressedin themoresimpleversions.Ourown view is thatfor thesereasons



andfor othersrelatingto applicability andgenerality, BDI is thereforean appropriate
placeto start.Yet thedifferentversionsof BDI architecture,eventhosefrom thesame
tradition,(e.g.[2, 13]) all have ratherdifferentspecificarchitecturalbases.As a means
of building up a generalmodelof power andnorms,we startby offering an abstract
BDI architecture,which doesnot fit with any specificmodel,but is inspiredby previ-
ouswork on dMARS [10] andAgentSpeak(L)[11]. It includesthesalientfeatures,but
omits irrelevantdetails.Themodelitself follows this previouswork andconsequently
wedo not provideanextensivedescription.In whatfollows,we usetheZ specification
languageto constructa formal modelof theBDI agentsandof inter-agentdependence
andnorms.Z is basedon set-theoryandfirst orderlogic, with full detailsavailablein
[17]. For reasonsof brevity, however, we will not elaboratetheuseof Z further.
Agent and Agent State In general,a deliberative agentis essentiallydefinedby its
plan library, which containsall the recipesfor action the agentknows about,and its
capabilitiesor specificactions.���
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At run-time,anagentwill alsohaveasetof events,beliefs,goalsandintentionsthat
aregeneratedin responseto theenvironmentthroughthereasoningandactioncontrol
cycle of theagent.Thesecomponentsdefinetheagentactingin theworld, andarethe
key artifactsthat aremanipulatedto ensureeffective behaviour. We considereachin
turn. �5�6�
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Westart,however, by sayingnothingaboutthenatureof externalactionsor beliefs,
which weparachuteinto ourspecificationasgivensets.Effectively, they areprimitives
(althoughbeliefsaretypically implementedasfirst-orderpredicates,andin a moreso-
phisticatedanddetailedanalysiswe might equallydo the same).Externalactionsare
simply thoseactionsthatchangethestateof theworld, andbeliefsaretherepresenta-
tion of informationabouttheworld. Thealternative to anexternalactionis aninternal
one,which eitherremovesor addsa belief to or from the agent’s setof beliefs.Also
key to many BDI architecturesis thenotionof anevent,which is simplysomethingthat
happensin the world that canbe perceived,andit is eithera goalor a belief. (It may
bea new goalor belief or theremoval of a goalor belief.)Finally, goals,which direct
behaviour, andaredesirablestatesto beachieved,aredefinedaseitherachievingsome
belief (which amountsto makingsomepredicatetrue in general)or queryinga belief
(whichamountsto testingif a predicateis true).K /L0)�G�
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Agent Plans Now, plansarethemostsophisticateddatastructurein deliberativeagents,
andeffectively specifythecourseof actionto betakenby theagentin achieving goals.



They consistof several key components.First, the plan body, typically comprisinga
sequenceof actions,encapsulatestheagent’s “know-how”. This is themostimportant
part of a plan,but we alsoneedto specify the conditionsunderwhich a plan canbe
initiatedor continue,andwhathappenswhena plan fails or succeeds.To start,a plan
requiresa triggering event,which is simply aneventthatcausestheplanto fire. Once
this occurs,its applicability to the currentsituationmust be determinedthroughthe
context, which is a setof beliefs that areentailedby the currentbeliefsof the agent.
At this point theplanbecomesactive (that is, it is relevantandpossible).For theplan
to continue,we alsoneedto includethenotionof maintenanceconditionswhich must
hold for the plan to be executable.Finally, we needinternalactionsto specify what
happenswhena plan fails or succeeds.*+	 �.�
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Now, althoughthe mostgeneraltype of a plan is a tree,with branchesandchoice
points,sucha structuremakesthe formal specificationof dependenciesunnecessarily
complicatedin what follows. We thereforespecifya body of a plan to be a sequence
of branches,which areeitheractionsor goals,with actionsbeinginternalor external.
Thereis no lossof generalityhere,asa treecanbeconsideredto bea setof sequence
of brancheswhereeachsequenceis a possiblepathfrom theroot to a leaf node.?<4hT�$\RCR
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Plan Instances A plan instanceis an active plan that hasbeeninstantiatedaseither
anadditionto anexisting intentionor asa new intention.This planinstancerepresents
a copy of the original plan that now servesas a mentalattitude directing behaviour
as opposedto a recipe for behaviour. The distinction betweenplansas recipesand
plansasmentalattitudesis very importantin the studyof deliberative agentsandin
this specificationwe distinguishbetweencalling the former plansandthe latter plan
instances.The only distinctionwe make in our abstractBDI model is that every plan
instancehasastatuswhichdetermineswhethertheplaninstanceis currentlyexecuting.*+	 �.�6I%��-%�2�.� , �
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Now, oncea goal is selectedfrom thosethe agentdesires,a plan is selectedto

achieve that goal; this plan forms the basisof the intention that will direct the future
behaviour of theagent.In short,anintentionis asequence(or stack)of planinstances.I%�!�2�
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In orderto selectaplanasanintentionin responsetoanevent,wemustfirstgenerate
thoseplansthatarerelevant(thosethataretriggeredby anevent),andthenthesubsetof
thesethatareapplicablewith thecurrentbeliefs(thosewhosecontexts area subsetof
thecurrentbeliefs).Thevariables,
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with thecurrentsetof relevantandapplicableplans.Theexecutingplansof anagents
arethoseplaninstancesthatareat thetop of eachintentionstack.�5�6�
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3 Dependence
The architecturedescribedabove is a generalisedversionof the standardBDI model
that underliesnumerousagentsystems.It decideson its courseof actionby identify-
ing relevantandapplicableplansto instantiateasintentionsfor execution.Theproblem
with this modelasit standsis twofold: first, theremaybemultiple plansin theplanli-
brarythatmaybebothrelevantandapplicable,andthemodelsaysnothingabouthow to
choosebetweenthem;second,themodeldoesnot includeany considerationof depen-
denciesor otherrelationshipbetweenagentsthatmayimpactonthesuitabilityof plans.
In thissection,wedescribeasimplifiedpowermodelbasedonthework of Castelfranchi
andotherson socialpower theoryandsocialdependencenetworks(SDN), thatcanbe
usedasa basisfor makingsuchjudgementsbetweenplans.

Agent Models Beforewecanconsiderdependencenotionswefirst briefly turnourat-
tentionto themodelsagentsmusthaveof eachotherin orderto besociallyadequatein
general.In orderthatagentscantakeadvantageof thecapabilitiesof others,they gener-
ally needmodelsof them;moreover, for agentsto investigatethevariousdependencies
thateachagentmayhave on others,a modelof their goals,beliefsandintentionswill
alsoberequired.Usingthetechniquefrom theSMART agentframework [15,12], agent
modelsareconstructedat this level of abstractionby applicationof theexistingmodels
for describingdeliberativeagentarchitectures.�5�6�
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In general,agentshaveamodelof everyotheragentandof themselves.�5�6�
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Now that we have defineddeliberative agentsand their models,it is possibleto
investigatethenotionof dependencebetweenagents.



Action Dependence Castelfranchiandcolleaguesdevelopedthesocialpowertheory
[3, 5], which claims that by comparingthe dependenceof one agenton otherswith
their dependenceon it, socialbehaviour results.Accordingto Castelfranchiet al. [5],
anagentdependson anotherto performanactionusefulfor achieving oneof its goals,
if it is unableto performtheactionwhile theotheragentcan.Basedon this notionwe
formaliseamoregenericrelationshipamongagentsin our framework, by first defining
a dependencerelationshipbetweenagentswith respectto an action in termsof the
capabilitiesof both.� , ����4��Z��� � �
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Then,adependencerelationcausedby anactionexistsif thereis acurrentintention

of theagentwhich canonly beperformedby anotheragent.This meansthattheaction
is includedin the instantiatedplan that comprisesthe intentionasthe executingplan.
Also noticethattheanalysisis now from theperspectiveof theplanningagentandmust
thereforebewith respectto themodelit hasof otheragents.�#0 , *+	Q���Z� , �9��4.�6�7� � �"�kT &.(�r������
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Plan Dependence As canbe seenfrom the above andin line with the social depen-
dencenetworksoriginally proposedby Sichmanet al. [16], in general,anagentneeds
to reasonaboutdependencieswith respectto its plans, andwe extendour definitions
accordingly. Specifically, wecandefineseveralcategoriesof plandependenceirrespec-
tiveof whetherthatplanis active,relevantor executing.First,weconsiderthesituation
wherethe plan of oneagentincludesactionsthat arenot in its capabilitiesso that it
relieson thecapabilitiesof another.
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Furthercategoriescanalsobe definedeasily. For example,reciprocaldependence

amongplansdescribesthesituationwherethereis a planin thelibrary of anagent
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Clearly, the problemof dependenceis most acutein a multi-agentsystemwhen
thereis only oneagent with the requiredcapabilitycausingsucha dependence.This
meansthatanagentreally doeshave power over anotherif ever theplanbecomes(in
increasingdegree)relevant,applicableandchosenfor execution.�Eey	��9� ���6�"�!��o3$�-��G�
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In summary, an agentneedsto reasonwith respectto events(which include the
goalsof the agent)in order to make sensiblejudgementsaboutits choiceof plansto
execute.More precisely, it mustconsiderthe relevant plansassociatedwith an event,
thenthe applicableplans,andfinally theexecutingplansor intentions.In multi-agent
systemsagentsalsoneedto reasonaboutthedependenciesof plansatall stagesin order
to considercompetingalternatives.In particular, if agent
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?
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planbut
?
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for anexecutingplan,then
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canbesaidto havemorepower
than

?
. Equalpoweroccurswhentwo agentsbothhaveexecutingplansthatdependon

eachother. Noticethat this analysisis now basedon theexecutingplansof agentsand
themodelsthatagentshaveconstructedabouteachother./10Z� , ey�����6��*+	 �.�6�<� , � � ��4 , ������4��
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Goal Dependence Not only may agentsdependon the actionsof othersto achieve
their intentions,it mayalsobethat they rely on eachotherto achieve their goals. This
occurswhenan agentrecognisesthat the bodyof a plan containsa stepthat is a goal
for which it cannotcurrentlygenerateany relevantor applicableplans.In thissituation,
the agentmust either find anotheragent,which is sufficiently capableof generating
appropriateactive plans,to adopt its goal, or recognisethat anotheragentcurrently
hasthis goal so that the intentioncanbe completed.(Note thatwe do not addressthe
problemof how anagentfindsanotherto adoptits goal,but aremerelyconcernedwith
the dependencerelationsin this paper.) We formalisethe first of thesenotionshere
by usingthe predicates, �.�Z*+	Q���

and
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Thenwe candefinethe notion of anagentdependingon the planningcapabilities
of anotheragent,basedonthemodelsthatthefirst hasof thesecondin orderto achieve
someexecutingplan,which is partof somecurrentintention.�64A�.	 �7� � �"�kT &)(5r������
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4 Norms
Now, agentsocietiesof all kindstypically includecertainconstraintson behaviour that
areknown asnorms. Normshave beenseenasa naturalway of improving coordina-
tion andcooperationin multi-agentsystemsbecausethey canrestrict,andmake more
predictable,thebehaviour of agents.Researchersusedifferentformsto representthem,
suchascommitmentsas in [14], asmentalattitudes[6], or asobligations,authorisa-
tions andconventions[8]. In addition,several differentways to reasonaboutnorms
have beenproposed[4, 7,9,1]. Althoughsomeof themain ideasof theseresearchef-
forts have beentakeninto accountin our model,we have chosento startwith our base
in orderto beableto integrateour notionswith thearchitecturedescribedearlier. Nev-
ertheless,we agreewith the basicunderlyingprinciple of the majority of suchwork
thatnormsarementalattitudesdirectedat controlling thebehaviour of agents;that is,
normsarepro-attitudes.

Normsaresimply rules in a societythat mustbe compliedwith by oneor more
agents.In thissection,we introduceandspecifysomenormsthatarecommonin agent
societies,andshow how they fit with thearchitecturedescribedearlier. (Theproblems
of how to usethemin reasoningof themis left for futurework). Specifically, anagent
may have accessto certainnormswhich arerepresentedasdatastructuresrelatingto
socialrules.Thesemaybecommonto all agents(suchaswith a mutuallyunderstood
social law) or only available to some.The most generalstructureof a norm we can
representcontainsthefollowing specificcomponents.£J4.�%[Jo3�9�%e , �9ey�#�
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First, thereis a
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, which is thegoal that therelevantgroupof agents
mustseekto achieve.Then,the , 4.���G��0��

of a normrefersto thesetof beliefsthatmust
betruefor thenormto beactive,unlessagentsarein

�#0 , � � ����4��
states.Now, eachnorm

appliesto acertainsetof agentsin theworld — it maybeall agents,or it mayonly bea
limited subset.In eithercase,however, the
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agentswhoshouldobey thenorm

mustbespecified.Typically, thereis alsoa setof
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agents,which arethose
agentswho might specificallygain from the addressesagentsadoptingthe normative
goal.Normsmaybemonitoredby agentsreferredto as
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, who canadoptthe

goalof initiating certainpunishmentsif thenormis not compliedwith. Finally, it may



be thatany beneficiaryagentis expectedto reciprocateby adoptinga goal from some
pre-definedsetof
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In a societyof autonomousagents,many kinds of normscanbe found.However,
we consideronly obligationsandsocialcommitmentsdueto spaceconstraints.
Obligations and Social Commitments Obligationsmay be definedas the kind of
norm which compelsa groupof agentsto do somethingfor anothergroupof agents.
Generally, obligationsareadoptedonceagentsbecomemembersof a society, andper-
sistasalongasthey stayin thesociety. Theirmaincharacteristicis thatagentsarepun-
ishedif thenormativegoalis not satisfied.Normativegoalsaresatisfiedeitherin order
to avoid punishmentsor justbecauseagentshavea senseof highsocialresponsibility.¦ "	��8�6������4��
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Thesecondcategoryof normissocialcommitments, whicharenormscreatedthrough
agreementsor negotiationsbetweentwo or moreagents.Indeed,they arepartof a deal
betweentwo groups,the setof addresseeagents(which could be only one)who are
obligedto achieve a goal,andthe setof beneficiaryagents(who sometimesalsobe-
comedefenderagentsandareconsequentlyresponsiblefor monitoringthe fulfillment
of the socialcommitment).Generally, oncethe normative goal is achieved,a reward
is claimed.In contrastto obligations,socialcommitmentsarejust temporal,andmay
disappearoncethecommitteddutybecomessatisfied.ok4 , ���.	t§L4�[7[�����[\�"�!�

£�4��%[�o!���%e , ��ey���
¨ ��
�3�9� , �����%���"-_R � ;����"¤5�.��T�- �R¢�)�

Furthercategoriesof norms,suchasprohibitions, which may be definedasstates
to be avoided for a groupof agents,or social codes, which suggestthe inclusionof
extra actionsin plans,may also be definedsimilarly, but we will not considerthem
further heredue to lack of space.Now, without eliminating the possibility of having
othercategories,we statethata normcanbeanobligationor asocialcommitment.£J4.�%[©&Q&BRd4)
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In general,a normativeagenthasall thecomponentswe havepreviouslydescribed
includinggoals,beliefs,intentions,relevantandapplicableplans,modelsof thegoals,
beliefsetc.,of otheragentsandasetof normswhich includestheobligationsandcom-
mitmentsthatit hasadopted.£J4.�%[j�.�9�����#���6�"�!�
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Social Powers Theintroductionof normsinto this framework opensup new possibil-
ities for consideringthepower (anddependence)anagentmayhaveoverotheragents,
notbecauseof its sophisticatedplanningcapabilities,but becauseof thesocialresponsi-
bilities arisingfrom norms.Thus,societieswith normscanresultin situationsin which,



for example,moretalentedagentsmayhelpagentsthatarerelatively lessable.For ex-
ample,an agentin a particularsocietymay adopta goal to help a certainbeneficiary
ratherthanbeingobligedto leavethegroup.In thiscase,thebeneficiaryhaspowerover
this agentwith respectto thenormativegoal.

Wecanformalisethesenotionsin thenext schema.It statesthatanagenthaspower
throughan obligation over anotheragentwith respectto a goal, if thereexists some
activesocialobligationof thesecondagentin which thefirst is oneof thebeneficiaries.

� 4�¤5�
�
"$)4�"	8�8���.�9��4.� &.(�r9£J4.�%[j�.�9�������5�6�"�!�n�¥£�4��%[\�����������5�6�
���f��Df4h��	�u
} �
���.Mh�
�A�C&�£�4��%[\���������������
���";5�l&aDF4h��	X~

� 4�¤5�
�

$)4)
	��8���.�9��4.�br#�
���ZM��
�A�.M#�yuL��r9�>47& ¦ 
	��8�6������4��P~
47���A�
���Q�34��%[�-<���A�h�:��4H����
�3�9� , �����%���"-_���7RS4y�Q�34.�%[j�.�9�����2��4h��	�u

Thenotionof socialcommitmentbetweenagentsalsointroducespower. If anagent
agreesto adoptsomegoalof anotherbecauseof a previousagreement,thenthesecond
agenthaspowerthrougha socialcommitmentover thefirst.
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Furthercategorisationis possiblehere,but spaceconstraintsdictatethatonly these
mostimportantpower relationshipsthroughnormscanbepresented.

5 Discussion
The analysisprovided above seeksto show how we canmove towardsa unified ac-
countof socialpower that includesnot only dependencerelationships,but alsoother
relatedconcepts,particularlyagentarchitecturesand the importantsocietalconcerns
of normsthatwill facilitatemoresophisticatedandeffectivesocialreasoning.Previous
work in this areahasfocusedon theseconcerns,but in a discreteandsomewhatarbi-
trary fashion.In this work, we seekto join the differentaccountsin a seamlessway,
with an integratedframework that canbe usedto betterunderstandandreasonabout
the structuresthat arisefrom the relationshipsin socialorganisations.Indeed,we are
not just integratingbut alsoextendingandfilling thegapsthat resultfrom considering
theseimportanttopicsindependently.

For instance,oursocialdependenceconceptis slightly differentfrom thatpresented
by Sichmanetal. [16], mainlybecausetheagentarchitectureitself is included.It allows
a cleardifferentiationbetweenrelevant,active andexecutingplansmakingthe calcu-
lus of dependencesituationsmoreaccurate.In Sichman’s work, for example,a false
dependencerelationshipis foundif theplancausingthedependenceis not selectedto
achieve the consideredgoal. We addressthis problemby consideringdifferent cate-
goriesof plans.In addition,in contrastto thestaticvision of built-in normsthatmust
alwaysbecompliedwith, our work goesin thesamedirectionasBoello & Lesmo[1],
Dignum,ConteandCastelfranchi[8, 7] amongothers.That is, we considernormsas
indispensableelementsto avoid chaosin any societycomprisingmultiple autonomous
agentsrepsonsiblefor their own decisions.



Althoughmuchwork regardingnormsremainsto bedone,our initial work, in con-
trastto otherproposals,includesa structurewhich allows differentcategoriesof norm
to berepresented.In addition,a tasteof powerrelationshipsbasedonsocialregulations
hasbeengivenasthefirst steptowardsanenhancedpower modelof relationships.In-
deed,work is alreadyunderway on exploring questionsrelating to the originationof
normsandrelationshipsthatgive riseto power, aswell astheir usein reasoningabout
thechoiceof actionsandplansto execute,andagentsto cooperatewith.
Acknowledgments: The first authoracknowledgesthe funding of Faculty Enhance-
mentProgram(PROMEP)of theMexicanMinistry of PublicEducation(SEP)andthe
BeneḿeritaUniversidadAutónomadePuebla(México).
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