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Abstract We describeanapproachto socialactionandsocialrelationshipamongsocially
intelligent agents[1], basedon mutualplanningandmutualcontrol of action.
We describesocialbehaviors, andthecreationandmaintenanceof socialrela-
tionships,obtainedwith animplementationof abiologicallyinspiredparalleland
modularagentarchitecture.We definevoluntaryactionandsocialsituatedness,
andwe discusshow mutualplanningandmutualcontrolof actionemergefrom
this architecture.

1. The problem of modeling social relationship

Since,in the future, many peoplewill routinely work with computersfor
many hourseachday, wewouldliketounderstandhow workingwith computers
couldbecomemorenatural. Sincehumansaresocialbeings,oneapproachis
to understandwhatit might meanfor a computeragentandahumanto have a
socialrelationship.

We will investigatethis questionusinga biologically andpsychologically
inspiredagentarchitecturethatwe have developed.We will discussthemore
generalproblemof agent-agentsocialrelationships,sothattheagentarchitec-
ture is usedbothasa modelof a computeragentandasa modelof a human
user.

Whatmightconstitutesocialbehavior in asocialrelationship?Theoretically,
socialbehavior shouldinclude: (i) theability to act in compliancewith a set
of social commitments[2], (ii) the ability to negotiatecommitmentswith a
socialgroup(wherewecombine,for thepurposeof thecurrentdiscussion,the
differentlevelsof theimmediatesocial group, aparticularsociety, andhumanity
asawhole),(iii) theability toenactsocialroleswithin thegroup,(iv) theability
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to developjoint plansandto carryoutcoordinatedaction,and(v) theability to
form persistentrelationshipsandsharedmemorieswith otherindividuals.

Presumably, asociallyintelligentagentwouldrecognizeyouto beaperson,
andassignauniqueidentity toyou. It wouldrememberyouanddevelopdetailed
knowledgeof your interactionhistory, what your preferencesare,what your
goalsare,andwhatyou know. This detailedknowledgewould bereflectedin
your interactionsandactions.It wouldunderstandandcomplywith prevailing
socialnormsandbeliefs.Youwouldbeableto negotiatesharedcommitments
with theagentwhichwouldconstrainpresentaction,futureplanningandinter-
pretationof pastevents. Youwouldbeabletodevelopjoint planswith theagent,
whichwouldtake into accountyoursharedknowledgeandcommitments.You
wouldbeableto actsocially, carryingoutcoordinatedjoint planstogetherwith
theagent.

Wewouldalsoexpectthatjoint actiontogetherwith theagentwouldproceed
in aflexibleharmoniouswaywithsharedcontrol. Nosingleagentwouldalways
bein control,in fact,actionwouldbein somesensevoluntary forall participants
atall times.

To developconceptsandcomputationalmechanismsfor all of theseaspects
of socialrelationship amongagentsisasubstantial project. In thispaper, wewill
confineourselvesto a discussionof joint planningandactionascomponents
of socialbehavior amongagents.We will definewhatvoluntaryactionmight
be for interactingagents,andhow sharedcontrolmaybeorganized.We will
concludethatin coordinatedsocialaction,agentsvoluntarilymaintainaregime
of mutualcontrol,andwewill show how ouragentarchitectureprovidesthese
aspectsof socialrelationship.

2. Our agent architecture

In this sectionwe describeof an agentarchitecturethat we have designed
andimplemented[3] [4] andwhichis inspiredby theprimatebrain.Theoverall
behavioral desideratawerefor anagentarchitecturefor real-timecontrolof an
agentin a3D spatialenvironment,wherewewereinterestedin providing from
thestartfor joint, coordinated,socialbehavior of asetof interactingagents.

Data types, processing modules and connections. Ourarchitectureis aset
of processingmoduleswhichrunin parallelandintercommunicate. Wediagram
twointeractingagentsin thefigure. Thisisatotallydistributedarchitecturewith
no global control or global data. Eachmoduleis specializedto processonly
dataof certaindatatypesspecificto thatmodule.Modulesareconnectedby a
fixedsetof connectionsandeachmoduleis only connectedto asmallnumber
of othermodules. A modulereceivesdataof given typesfrom modulesit is
connectedto,andit typically createsor computesdataof othertypes.It mayor
maynotalsostoredataof thesetypesin its localstore.Processingby amodule
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Figure 3.1. Our agentarchitecture

is describedby a setof left-to-right ruleswhich areexecutedin parallel. The
resultsarethenselectedcompetitively dependingon thedatatype. Typically,
only theonestrongestrule instanceis allowedto “expressitself”, by sending
its constructeddataitemsto othermodulesand/orto bestoredlocally. In some
caseshowever all thecomputeddatais allowedthrough.

Perception-actionhierarchy. Theagentmodulesareorganizedasaperception-
actionhierarchy. Thisis anabstractionhierarchy, sothatmoduleshigherin the
hierarchyprocessdataof moreabstractdatatypes.We usea fixednumberof
levelsof abstraction.

Thereareplansat differentlevelsof abstraction,soa higherlevel planning
modulehasa more abstractplan. The goal modulehasrules causingit to
prioritize the setof goalsthat it hasreceived, andto selectthe strongestone
which is sentto thehighestlevel planmodule.

Dynamics. We devized a control systemthat tries all alternativesat each
level until a viable plan andactionare found. We defineda viable stateas
one that is driven by the currentgoal and is compatiblewith the currently
perceived situationat all levels. This is achieved by selectingthe strongest
rule instance,sendingit to the modulebelow andwaiting for a confirmation
dataitem indicatingthat this datumcausedactivity in the modulebelow. If
a confirmationis not received within a given numberof cycles thenthe rule
instanceis decrementedfor agivenamountof time,allowing thenext strongest
rule instanceto beselected,andsoon.

A viablebehavioral statecorrespondsto acoherentdistributedprocess,with
a selecteddominantrule instancein eachmodule,confirmeddynamicallyby
confirmationsignalsfrom othermodules.
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3. Social plans and joint action

We generalizedthestandardartificial intelligencerepresentationof plan to
onesuitablefor actionby morethanonecollaboratingagent. A social plan
is a setof joint steps,with temporalandcausalorderingconstraints,eachstep
specifyinganactionfor every agentcollaboratingin thesocialplan,including
the subjectagent. The way an agentexecutesa plan is to attempteachjoint
stepin turn. During a joint stepit verifies that every collaboratingagentis
performingits correspondingaction and then to attemptto executeits own
correspondingindividual action. We mademostof the levelsof theplanning
hierarchywork with socialplans,the next to lowestworks with a “selfplan”
which specifiesactiononly for the subjectagent,andthe lowestworks with
concretemotor actions. However, the actionof thesetwo lowest levels still
dependedon informationreceivedfrom theperceptionhierarchy.

Initial model and a social behavior. To make thingsmoreexplicit, we’ll
now describea simple joint behavior which is a prototypeof many joint be-
haviors,namelythemaintenanceof affiliative relationsin agroupof agentsby
pairwisejoint affiliative actions,usuallycalledgrooming.

The social relationsmodulecontaineda long term memoryof knowledge
of affiliative relationsamongagents.This wasknowledgeof who is friendly
with who andhow friendly. This modulekept trackof affiliative actionsand
generatedgoalsto affiliate with friendsthathadnotbeenaffiliated with lately.
Eachagenthadstoredsocialplansfor groomingandfor beinggroomed.Usu-
ally a subordinateagentwith groomanddominantonewill begroomed.We
organizedeachsocial plan into four phases,as shown in the figure: orient,
approach,preludeandgroom,whichcouldbeevokeddependingonthecurrent
stateof theactivities of theagents.Eachphasecorrespondedto differentrules
beingevoked.

Attention wascontrolledby the planningmodulesselectingthe agentsto
participatewith andcommunicatingthis choiceto thehigherlevelsof percep-
tion. Thesehigher levels derived high level perceptualinformationonly for
thoseagentsbeingattendedto.

4. Autonomy, situatedness and voluntary action

Autonomy. The conceptof autonomyconcernsthe control relationship
betweenthe agentandotheragents,including the user. As illustratedin our
example,agentsareautonomous,in thesensethat they do not receive control
imperativesandreactto them,but insteadeachagentreceivesmessages,and
perceivesits environment,andmakesdecisionsbasedonits own goals,andthat
is theonly form of controlfor agents.

Further, agentsmayactcontinuously, andtheir behavior is not constrained
to besynchronizedwith theuseror otheragents.



Modelingsocialrelationship v

Figure 3.2. Fourphasesof grooming

Constraint by commitments. A socialagentis alsoconstrainedby any
commitmentsit hasmadeto otheragents.In addition,we mayhave initially
programmedit tobeconstrainedbythegeneral social commitmentsof thesocial
group.

Voluntary control. The joint actionis “voluntary” in the sensethat each
agentis controlledonly by its own goals,plansandknowledge,andmakesits
own choices.Thesechoiceswill beconsistentwith any commitments,andwe
arethusassumingthatusuallysomechoiceexistsafterall suchconstraintsare
takeninto account.

Situatedness of action. Howevertheactionof eachagent isconditionalupon
what it perceives. If theexternalenvironmentchanges,theagentwill change
its behavior. This actionis situatedin theagent’s externalenvironment,to the
extentthatits decisionsaredependenton or determinedby thisenvironment.

Thus,anagentis tosomeextentcontrolledby itsenvironment.Environmen-
tal changescausetheagentto makedifferentchoices.If it rains,theagentwill
put its raincoaton,andif I stoptherain, theagentwill take its raincoatoff.

Thisassumesthattheagent(i) doesnotmake randomandarbitraryactions,
(ii) doesnot have a supersmartprocesswhich modelseverythingand itself,
in otherwords(iii) it is rational in the senseof usingsomenot too complex
reasoningor computationalprocessto make its choices.
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5. Mutual planning and control

Our agentarchitectureis flexibly both goal-directedand environmentally
situated.It is alsoquiteappropriatefor socialinteraction,sincetheotheragents
areperceivedat eachlevel andcandirectly influencetheactionof thesubject
agent.It allowsagentsto enterinto stablemutuallycontrolledbehaviorswhere
eachis perceived to becarryingout therequirementsof thesocialplanof the
other. Further, this mutuallycontrolledactivity is hierarchicallyorganized,in
the sensethat control actionsfall into a hierarchyof abstraction,from easily
altereddetailsto majorchangesin policy.

We implementedtwo kindsof socialbehavior, onewasaffiliation in which
agentsmaintainedoccasionalface-to-faceinteractionswhich boostedaffilia-
tion measures,andtheotherwassocialspacingin which agentsattemptedto
maintainsociallyappropriatespatialrelationshipscharacterizedby proximity,
displacementand mutual observability. The set of agentsformed a simple
societywhichmaintainedits socialrelationsby socialaction.

During anaffiliation sequence,eachof two interactingagentselaboratesits
selectedsocialplanconditionallyuponits perceptionof theother. In thisway,
bothagentswill scanpossiblechoicesuntil a courseof actionis foundwhich
is viablefor bothagents.

This constitutesmutualcontrol. Note that the perceptionof the world by
distal sensorsis quite shared,however perceptionby tactile, proprioceptive,
andvisceralsensingis progressively moreprivateandlessshared.Eachagent
perceivesbothagents,which hassomecommonandsomeprivateperception
asinput,andeachagentexecutesits partof thejoint action.

In eachphaseof grooming,eachagent’s social plan detectswhich phase
it is in, hasa set of expectedperceptionsof what the other may do, and a
correspondingsetof actionswhichareinstantiatedfrom theperceptionof what
is actuallyperceived to occur. If, during a given phase,an agentchangesits
actionto anotheracceptablevariantwithin thesamephase,thentheotheragent
will simplyperceivethisandgeneratethecorrespondingaction.If, ontheother
hand,oneagentchangesits actiontoanotherwhoseperceptionisnotconsistent
with theotheragent’s socialplan,thentheotheragent’s socialplanwill fail at
that level. In this lattercase,ruleswill no longerfire at that level, sothelevel
abovewill not receive confirmatorydataandwill startto scanfor aviableplan
at thehigherlevel. This mayresultin recovery of thejoint actionwithout the
first agentchanging,however it is morelikely that the inducedchangein the
secondagent’s behavior will causea similar failureandreplanningactivity in
thefirst agent.

In thecaseof grooming,duringorientationandapproach,thegroomeeagent
canmoveandalsochangeposture,andthegroomerwill simply adjust,unless
thegroomeemovesclearlyawayfrom thegroomer, in whichcasetheapproach
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behavior will fail. Whenthegroomerarrivesatpreludedistance,it expectsthe
groomeetobenotmovingandtobelookingathim,otherwisethepreludephase
will not beactivated. Then,if thegroomeemake a positive preluderesponse,
thegroomercaninitiate thegroomingphase.

Agentsenterinto, and terminateor modify, joint actionvoluntarily, each
motivatedby its own perceptionsandgoals.

6. Coparticipation and engagement

Ournotionof socialplanhassomesubtletyandindirectness,whichis really
necessitatedby thedistributednatureof agentinteraction.Thereis no agreed
sharedplanassuch,eachparticipanthastheirown socialplan,which includes
expectationsof theactionsof coparticipants.Eachparticipantattemptsto find
andtocarryouttheir“best” social planwhichsatisfiestheir goals. Inconstrained
situations,it maybethatthebestsocialplanof eachparticipantis very similar
to thebestsocialplansof coparticipants.Thussocialplansof individualsmay
bemoreor lessengaged. Engagementconcenstheagreementandcoherence
amongtheinstantiationsof thesocialplansof theparticipants.

A standardexampleis theprostituteandtheclient,whichcoparticipateand
cooperate,eachwith his or her own goalsandsocialplan. Thus, for social
action, the prostituteneedsto sufficiently matchthe client’s social plan and
modelof prostituteappearanceandbehavior, andthe client needsto behave
sufficiently like theprostitute’s ideaof aclient.

Adversarialcoparticipationoccurswith lawyersrepresentingdefendentand
plaintiff. Sincehowever thereis always a residualconflict or disparity and
residualsharedbenefitsin all relationships,it is difficult to find casesof pure
cooperationor evenpureadversality.

Theinitiation (andtermination)of joint actionusuallyinvolveslessengage-
mentbetweenthesocialplansof coparticipants.The groomingpreludesob-
servedin socialmonkeysarefor exampleinitially moreunilateral. Initiationand
terminationusually involve protocolsby which coparticipantsnavigatepaths
throughaspaceof statesof differentdegreesof engagement.

In this model, social interactionis never unilateral. First, some“other”
is alwaysan imaginedcoparticipant. Second,even in the caseof hardwired
evolved behaviors, the behavior is intendedfor, only works with, and only
makessensewith, acoparticipant,eventhough,in thiscase,thereis noexplicit
representationof theother. It is not clearfor examplewhat representation,if
any, of themotherababymayhave. Thereis for examplebiologicalevidenceof
tuningof thebabiessensorysystemsduringpregnancy, andimmediatelyafter
birth, to themother’s odorandvoice. Thus,themotherconstructsanexplicit
coparticipantandthebabyactsasif it hasacoparticipant.
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7. Summary

Wearguedfor anddemonstratedanapproachtosocialrelationship,appropri-
atefor agent-agentanduser-agentinteraction:In a socialrelationship,agents
enterinto mutuallycontrolled actionregimes,which they maintainvoluntarily
bymutualperceptionandby theelaboration of their individual socialplans.
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