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Abstract. If we areto build human-like robotsthatcaninteractnaturallywith people,our robotsmustknow
not only about the propertiesof objectsbut also the propertiesof animateagentsin the world. One of the
fundamentalsocialskills for humansis theattributionof beliefs,goals,anddesiresto otherpeople.This setof
skills hasoftenbeencalleda“theoryof mind.” Thispaperpresentsthetheoriesof Leslie[27] andBaron-Cohen
[2] on thedevelopmentof theoryof mind in humanchildrenanddiscussesthepotentialapplicationof bothof
thesetheoriesto building robotswith similar capabilities.Initial implementationdetailsandbasicskills (such
as�nding facesandeyesanddistinguishinganimatefrom inanimatestimuli) areintroduced.I furtherspeculate
on theusefulnessof a roboticimplementationin evaluatingandcomparingthesetwo models.

1 Intr oduction

Humansocialdynamicsrely uponthe ability to correctlyattribute beliefs,goals,andperceptsto otherpeople.
This setof metarepresentationalabilities,which have beencollectively calleda “theory of mind” or theability to
“mentalize”,allows us to understandtheactionsandexpressionsof otherswithin an intentionalor goal-directed
framework (whatDennett[15] hascalledtheintentionalstance).Therecognitionthatotherindividualshaveknowl-
edge,perceptions,andintentionsthatdiffer from ourown is acritical stepin achild'sdevelopmentandis believed
to beinstrumentalin self-recognition,in providing a perceptualgroundingduringlanguagelearning,andpossibly
in the developmentof imaginative andcreative play [9]. Theseabilities arealsocentralto what de�nes human
interactions.Normalsocialinteractionsdependupontherecognitionof otherpointsof view, theunderstandingof
othermentalstates,andtherecognitionof complex non-verbalsignalsof attentionandemotionalstate.

Researchfrom many differentdisciplineshave focusedon theoryof mind. Studentsof philosophyhave been
interestedin theunderstandingof othermindsandtherepresentationof knowledgein others.Most recently, Den-
nett[15] hasfocusedonhow organismsnaturallyadoptan“intentionalstance”andinterpretthebehaviorsof others
asif they possessgoals,intents,andbeliefs.Ethologistshavealsofocusedon theissuesof theoryof mind.Studies
of thesocialskills presentin primatesandotheranimalshave revolvedaroundtheextent to which otherspecies
areableto interpretthebehavior of conspeci�csandin�uence thatbehavior throughdeception(e.g.Premack[33],
Povinelli andPreuss[32], andCheney andSeyfarth[12]). Researchon thedevelopmentof socialskills in children
have focusedon characterizingthe developmentalprogressionof socialabilities (e.g.Fodor [17], Wimmer and
Perner[37], andFrith andFrith [18]) andonhow theseskills resultin conceptualchangesandtherepresentational
capacitiesof infants(e.g.Carey [10], andGelman[19]). Furthermore,researchon pervasive developmentaldis-
orderssuchasautismhave focusedon theselective impairmentof thesesocialskills (e.g.PernerandLang[31],
Karmiloff-Smithet.al. [24], andMundyandSigman[29]).

Researchersstudyingthedevelopmentof socialskills in normalchildren,thepresenceof socialskills in pri-
matesandothervertebrates,andcertainpervasive developmentaldisordershave all focusedon attemptingto de-
composethe ideaof a central“theory of mind” into setsof precursorskills anddevelopmentalmodules.In this
paper, I will review two of themostpopularandin�uential modelswhichattemptto link togethermulti-disciplinary
researchinto a coherentdevelopmentalexplanation,onefrom Baron-Cohen[2] andonefrom Leslie[27]. Section
4 will discussthe implicationsof thesemodelsto theconstructionof humanoidrobotsthatengagein naturalhu-
mansocialdynamicsandhighlight someof the issuesinvolvedin implementingthestructuresthat thesemodels
propose.Finally, Section5 will describesomeof theprecursorcomponentsthathave alreadybeenimplemented
by theauthorona humanoidrobotat theMIT Arti�cial Intelligencelab.

2 Leslie's Model of Theory of Mind

Leslie's [26] theorytreatstherepresentationof causaleventsasacentralorganizingprincipleto theoriesof object
mechanicsandtheoriesof othermindsmuchin thesameway that thenotionof numbermaybecentralto object
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Fig.1. Film sequencesusedby Leslie[25] to studyperceptionof causalityin infantsbasedonsimilar testsin adultsperformed
by Michotte[28]. Thefollowing six eventswerestudied:(a)directlaunching– thelight bluebrick movesoff immediatelyafter
impactwith thedark redbrick; (b) delayedreaction– spatiallyidenticalto (a), but a 0.5 seconddelayis introducedbetween
thetime of impactandthemovementof thelight bluebrick; (c) launching withoutcollision – identicaltemporalstructurebut
without physicalcontact;(d) collision with no launching – identicalresultbut without causation;(e) no contact,no launching
– anotherplausiblealternative. Both adultsandinfantsolder thansix monthsinterpretevents(a) and(e) asdifferentfrom the
classof eventsthatviolatesimplemechanicallaws(b-d).Infantsthathavebeenhabituatedto anon-causaleventwill selectively
dishabituateto a causaleventbut not to othernon-causalevents.Adaptedfrom Leslie[25].

representation.Accordingto Leslie, the world is naturallydecomposedinto threeclassesof eventsbasedupon
their causalstructure;oneclassfor mechanicalagency, onefor actional agency, andonefor attitudinal agency.
Lesliearguesthatevolutionhasproducedindependentdomain-speci�cmodulesto dealwith eachof theseclasses
of event.TheTheoryof Bodymodule(ToBY) dealswith eventsthatarebestdescribedby mechanicalagency, that
is, they canbeexplainedby therulesof mechanics. Thesecondmoduleis system1 of theTheoryof Mind module
(ToMM-1) whichexplainseventsin termsof theintentandgoalsof agents,thatis, theiractions. Thethird module
is system2 of theTheoryof Mind module(ToMM-2) which explainseventsin termsof theattitudesandbeliefs
of agents.

The Theoryof Body mechanism(ToBY) embodiesthe infant's understandingof physicalobjects.ToBY is
a domain-speci�cmodulethatdealswith theunderstandingof physicalcausalityin a mechanicalsense.ToBY's
goalis to describetheworld in termsof themechanicsof physicalobjectsandtheeventsthey enterinto. ToBY in
humansis believedto operateontwo typesof visualinput:athree-dimensionalobject-centeredrepresentationfrom
high level cognitive andvisual systemsanda simplermotion-basedsystem.This motion-basedsystemaccounts
for the causalexplanationsthat adultsgive (and the causalexpectationsof children) to the “billiard ball” type
launchingdisplayspioneeredby Michotte [28] (see�gure 1). Leslie proposedthat this sensitivity to the spatio-
temporalpropertiesof eventsis innate,but morerecentwork from CohenandAmsel[13] mayshow thatit develops
extremelyrapidly in the�rst few monthsandis fully developedby 6-7months.

ToBY is followeddevelopmentallyby theemergenceof aTheoryof Mind Mechanism(ToMM) whichdevelops
in two phases,which Leslie calls system-1and system-2but which I will refer to as ToMM-1 and ToMM-2
after Baron-Cohen[2]. Justas ToBY dealswith the physical laws that govern objects,ToMM dealswith the
psychologicallaws thatgovernagents.ToMM-1 is concernedwith actionalagency; it dealswith agentsandthe
goal-directedactionsthatthey produce.Theprimitive representationsof actionssuchasapproach,avoidance,and
escapeareconstructedbyToMM-1. Thissystemof detectinggoalsandactionsbeginstoemergeataround6 months
of age,andis mostoftencharacterizedby attentionto eye gaze.Leslie leavesopentheissueof whetherToMM-1
is innateor acquired.ToMM-2 is concernedwith attitudinalagency; it dealswith the representationsof beliefs
andhow mentalstatescandrive behavior relative to a goal.This systemdevelopsgradually, with the �rst signs
of developmentbeginningbetween18 and24 monthsof ageandcompletingsometimenear48 months.ToMM-
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Fig.2. Block diagramof Baron-Cohen's modelof thedevelopmentof theoryof mind. Seetext for description.Adaptedfrom
[2].

2 employs the M-representation,a meta-representationwhich allows truth propertiesof a statementto be based
on mentalstatesratherthanobservablestimuli. ToMM-2 is a requiredsystemfor understandingthatothershold
beliefsthatdiffer from our own knowledgeor from theobservableworld, for understandingdifferentperceptual
perspectives,andfor understandingpretenseandpretending.

3 Baron-Cohen's Model of Theory of Mind

Baron-Cohen's modelassumestwo forms of perceptualinformationareavailableasinput. The �rst perceptde-
scribesall stimuli in thevisual,auditory, andtactileperceptualspheresthathaveself-propelledmotion.Thesecond
perceptdescribesall visualstimuli thathaveeye-likeshapes.Baron-Cohenproposesthatthesetof precursorsto a
theoryof mind,whichhecallsthe“mindreadingsystem,” canbedecomposedinto four distinctmodules.

The�rst moduleinterpretsself-propelledmotionof stimuli in termsof theprimitivevolitional mentalstatesof
goalanddesire.This module,calledtheintentionalitydetector(ID) producesdyadicrepresentationsthatdescribe
thebasicmovementsof approachandavoidance.For example,ID canproducerepresentationssuchas“he wants
the food” or “shewantsto go over there”.This moduleonly operateson stimuli thathave self-propelledmotion,
and thus passa criteria for distinguishingstimuli that are potentially animate(agents)from thosethat are not
(objects).Baron-CohenspeculatesthatID is a partof theinnateendowmentthatinfantsarebornwith.

Thesecondmoduleprocessesvisualstimuli thatareeye-like to determinethedirectionof gaze.This module,
calledtheeye directiondetector(EDD), hasthreebasicfunctions.First, it detectsthepresenceof eye-likestimuli
in the visual �eld. Humaninfantshave a preferenceto look at humanfaces,andspendmoretime gazingat the
eyesthanatotherpartsof theface.Second,EDD computeswhethertheeyesarelookingat it or atsomethingelse.
Baron-Cohenproposesthathaving someoneelsemakeeyecontactis anaturalpsychologicalreleaserthatproduces
pleasurein humaninfants(but mayproducemorenegative arousalin otheranimals).Third, EDD interpretsgaze
directionasa perceptualstate,that is, EDD codesdyadicrepresentationalstatesof theform “agentseesme” and
“agentlooking-atnot-me”.

Thethird module,thesharedattentionmechanism(SAM), takesthedyadicrepresentationsfrom ID andEDD
andproducestriadic representationsof theform “Johnsees(I seethegirl)”. Embeddedwithin this representation
is aspeci�cationthattheexternalagentandtheselfarebothattendingto thesameperceptualobjector event.This
sharedattentionalstateresultsfrom anembeddingof onedyadicrepresentationwithin another. SAM additionally
can make the output of ID available to EDD, allowing the interpretationof eye direction as a goal state.By
allowing the agentto interpretthe gazeof othersasintentions,SAM providesa mechanismfor creatingnested
representationsof theform “Johnsees(I wantthetoy)”.
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The last module,the theoryof mind mechanism(ToMM), providesa way of representingepistemicmental
statesin otheragentsandamechanismfor tying togetherourknowledgeof mentalstatesinto acoherentwholeas
a usabletheory. ToMM �rst allows theconstructionof representationsof theform “Johnbelieves(it is raining)”.
ToMM allows thesuspensionof thenormaltruth relationsof propositions(referrentialopacity),which providesa
meansfor representingknowledgestatesthatareneithernecessarilytruenormatchtheknowledgeof theorganism,
suchas“Johnthinks(Elvis is alive)”. Baron-Cohenproposesthatthetriadicrepresentationsof SAM areconverted
throughexperienceinto theM-representationsof ToMM.

Baron-Cohen's modulesmatcha developmentalprogressionthat is observed in infants.For normalchildren,
ID andthebasicfunctionsof EDD areavailableto infantsin the �rst 9 monthsof life. SAM developsbetween9
and18 months,andToMM developsfrom 18 monthsto 48 months.However, themostattractive aspectsof this
modelarethewaysin which it hasbeenappliedbothto theabnormaldevelopmentof socialskills in autismandto
thesocialcapabilitiesof non-humanprimatesandothervertebrates.

Autism is a pervasive developmentaldisorderof unknown etiologythat is diagnosedby a checklistof behav-
ioral criteria.Baron-Cohenhasproposedthattherangeof de�cienciesin autismcanbecharacterizedby hismodel.
In all cases,EDD andID arepresent.In somecasesof autism,SAM andToMM areimpaired,while in othersonly
ToMM is impaired.This can be contrastedwith other developmentaldisorders(suchas Down's syndrome)or
speci�c linguisticdisordersin whichevidenceof all four modulescanbeseen.

Furthermore,Baron-Cohenattemptsto provide an evolutionarydescriptionof thesemodulesby identifying
partialabilities in otherprimatesandvertebrates.This phylogeneticdescriptionrangesfrom theabilitiesof hog-
nosedsnakesto detectdirecteyecontactto thesensitivities of chimpanzeesto intentionalacts.Roughlyspeaking,
theabilitiesof EDD seemto bethemostbasicandcanbefoundin partin snakes,avians,andmostothervertebrates
asa sensitivity to predators(or prey) looking at the animal. ID seemsto be presentin many primates,but the
capabilitiesof SAM seemto bepresentonly partially in thegreatapes.TheevidenceonToMM is lessclear, but it
appearsthatnootherprimatesreadilyinfer mentalstatesof beliefandknowledge.

4 Implications of theseModels to Humanoid Robots

A roboticsystemthatpossessedatheoryof mindwouldallow for socialinteractionsbetweentherobotandhumans
that have previously not beenpossible.The robot would be capableof learningfrom an observer usingnormal
socialsignalsin thesamewaythathumaninfantslearn;nospecializedtrainingof theobserverwouldbenecessary.
The robot would also be capableof expressingits internal state(emotions,desires,goals,etc.) throughsocial
interactionswithout relyinguponanarti�cial vocabulary. Further, a robotthatcanrecognizethegoalsanddesires
of otherswill allow for systemsthat canmoreaccuratelyreactto theemotional,attentional,andcognitive states
of theobserver, canlearnto anticipatethereactionsof theobserver, andcanmodify its own behavior accordingly.
Theconstructionof thesesystemsmayalsoprovidea new tool for investigatingthepredictivepowerandvalidity
of the modelsfrom naturalsystemsthat serve as the basis.An implementedmodel canbe testedin ways that
arenot possibleto teston humans,usingalternatedevelopmentalconditions,alternateexperiences,andalternate
educationalandinterventionapproaches.

The dif�culty , of course,is that even the initial componentsof thesemodelsrequirethe coordinationof a
largenumberof perceptual,sensory-motor, attentional,andcognitive processes.In this section,I will outline the
advantagesanddisadvantagesof Leslie's modelandBaron-Cohen'smodelwith respectto implementation.In the
following section,I will describesomeof thecomponentsthathave alreadybeenconstructedandsomewhichare
currentlydesignedbut still beingimplemented.

Themostinterestingpartof thesemodelsis that they attemptto describetheperceptualandmotorskills that
serveasprecursorsto themorecomplex theoryof mindcapabilities.Thesedecompositionsserveasaninspiration
anda guidelinefor how to build robotic systemsthat canengagein complex social interactions;they provide a
much-neededdivision of a ratherambiguousability into a setof observable,testablepredictionsaboutbehavior.
While it cannotbe claimedwith certaintythat following the outlinesthat thesemodelsprovide will producea
robot that hasthe sameabilities, the evolutionary anddevelopmentalevidenceof sub-skillsdoesgive us hope
that theseabilities arecritical elementsof the larger goal. Additionally, the groundingof high-level perceptual
abilitiesto observablesensoryandmotorcapabilitiesprovidesanevaluationmechanismfor measuringtheamount
of progressthatis beingmade.

From a roboticsstandpoint,the mostsalientdifferencesbetweenthe two modelsare in the ways in which
they divide perceptualtasks.Lesliecleanlydividestheperceptualworld into animateandinanimatespheres,and
allows for further processingto occur speci�cally to eachtype of stimulus.Baron-Cohendoesnot divide the
perceptualworld quitesocleanly, but doesprovidemoredetailon limiting thespeci�c perceptualinputsthateach
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Fig.3. Cog, an upper-torso humanoidrobot with twenty-onedegreesof freedomand sensorysystemsthat include visual,
auditory, tactile,vestibular, andkinestheticsystems.

modulerequires.In practice,bothmodelsrequireremarkablysimilar perceptualsystems(which is not surprising,
sincethe behavioral datais not underdebate).However, eachperspective is useful in its own way in building a
robotic implementation.At onelevel, therobotmustdistinguishbetweenobjectstimuli thatareto be interpreted
accordingto physicallaws andagentstimuli thatareto beinterpretedaccordingto psychologicallaws.However,
thespeci�cationsthatBaron-Cohenprovideswill benecessaryfor building visualroutinesthathavelimited scope.

Theimplementationof thehigher-levelscopeof eachof thesemodelsalsohasimplicationsto robotics.Leslie's
modelhasa very elegantdecompositioninto threedistinctareasof in�uence, but the interactionsbetweenthese
levels are not well speci�ed. Connectionsbetweenmodulesin Baron-Cohen's model are betterspeci�ed, but
they arestill lessthanideal for a roboticsimplementation.Issueson how stimuli areto be divided betweenthe
competenciesof differentmodulesmustberesolvedfor bothmodels.On thepositiveside,therepresentationsthat
areconstructedby componentsin bothmodelsarewell speci�ed.

5 Implementing a Robotic Theory of Mind

TakingbothBaron-Cohen'smodelandLeslie's model,we canbegin to specifythespeci�c perceptualandcogni-
tive abilitiesthatour robotsmustemploy. Our initial systemsconcentrateon two abilities:distinguishingbetween
animateandinanimatemotion andidentifying gazedirection.To maintainengineeringconstraints,we mustfo-
cuson systemsthat canbeperformedwith limited computationalresources,at interactive ratesin real time, and
on noisy andincompletedata.To maintainbiological plausibility, we focuson building systemsthat matchthe
availabledataon infantperceptualabilities.

Our researchgrouphasconstructedanupper-torsohumanoidrobotwith apair of six degree-of-freedomarms,
a threedegree-of-freedomtorso,andasevendegreeof freedomheadandneck.Therobot,namedCog,hasavisual
systemconsistingof four color CCD cameras(two cameraspereye, onewith a wide �eld of view andonewith
a narrow �eld of view at higheracuity),an auditorysystemconsistingof two microphones,a vestibular system
consistingof a threeaxisinertialpackage,andanassortmentof kinestheticsensingfrom encoders,potentiometers,
andstraingauges.(For additionalinformationon the robotic system,see[7]. For additionalinformationon the
reasonsfor building Cog,see[1, 6].)

In additionto thebehaviorsthatarepresentedin thissection,therearealsoavarietyof behavioral andcognitive
skills thatarenot integral partsof thetheoryof mind models,but arenonethelessnecessaryto implementthede-
siredfunctionality. Wehaveimplementedavarietyof perceptualfeaturedetectors(suchascolorsaliency detectors,
motiondetectors,skin color �lters, androughdisparitydetectors)thatmatchtheperceptualabilitiesof youngin-
fants.Wehaveconstructedamodelof humanvisualsearchandattentionthatwasproposedby Wolfe [38]. Wehave
alsoimplementedmotorcontrolschemesfor visualmotorbehaviors(includingsaccades,smooth-pursuittracking,
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anda vestibular-occularre�ex), orientationmovementsof theheadandneck,andprimitive reachingmovements
for a six degree-of-freedomarm.We will brie�y describetherelevantaspectsof eachof thesecomponentssothat
their placewithin thelargerintegratedsystemcanbemadeclear.

5.1 Pre-attentivevisual routines

Humaninfantsshow a preferencefor stimuli thatexhibit certainlow-level featureproperties.For example,a four-
month-oldinfantis morelikely to look at a moving objectthana staticone,or a face-likeobjectthanonethathas
similar, but jumbled,features[16]. To mimic thepreferencesof humaninfants,Cog'sperceptualsystemcombines
threebasicfeaturedetectors:color saliency analysis,motiondetection,andskin color detection.Theselow-level
featuresarethen�ltered throughanattentionalmechanismbeforemorecomplex post-attentive processing(such
asfacedetection)occurs.All of thesesystemsoperateat speedsthatareamenableto socialinteraction(30Hz).

Color contentis computedusinganopponent-processmodelthatidenti�es saturatedareasof red,green,blue,
andyellow [4]. Our modelsof color saliency aredrawn from the complementarywork on visual searchandat-
tentionfrom Itti, Koch,andNiebur [22]. Theincomingvideostreamcontainsthree8-bit color channels( � , � , and

�

) which aretransformedinto four color-opponency channels( ��� , �
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Thesenormalizedcolorchannelsarethenusedto producefour opponent-colorchannels:
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Thefour opponent-colorchannelsarethresholdedandsmoothedto producetheoutputcolorsaliency featuremap.
Thissmoothingservesbothto eliminatepixel-level noiseandto provideaneighborhoodof in�uence to theoutput
map,asproposedby Wolfe [38].

In parallelwith thecolor saliency computations,Themotiondetectionmoduleusestemporaldifferencingand
regiongrowing to obtainboundingboxesof moving objects[5]. Theincomingimageis convertedto grayscaleand
placedinto a ring of framebuffers.A raw motion mapis computedby passingthe absolutedifferencebetween
consecutive imagesthrougha thresholdfunction % :
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This raw motionmapis thensmoothedto minimizepointnoisesources.
The third pre-attentive featuredetectoridenti�es regionsthat have color valuesthat arewithin the rangeof

skin tones[3]. Incomingimagesare�rst �ltered by a maskthat identi�es candidateareasasthosethatsatisfythe
following criteriaon thered,green,andbluepixel components:
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The �nal weightingof eachregion is determinedby a learnedclassi�cation function that was trainedon hand-
classi�ed imageregions.Theoutputis againmedian�ltered with a smallsupportareato minimizenoise.

5.2 Visual attention

Low-level perceptualinputsarecombinedwith high-level in�uencesfrom motivationsandhabituationeffectsby
theattentionsystem(seeFigure4). This systemis baseduponmodelsof adulthumanvisualsearchandattention
[38], and hasbeenreportedpreviously [4]. The attentionprocessconstructsa linear combinationof the input
featuredetectorsanda time-decayedGaussian�eld which representshabituationeffects.High areasof activation
in thiscompositegenerateasaccadeto thatlocationandcompensatoryneckmovement.Theweightsof thefeature
detectorscan be in�uenced by the motivational and emotionalstateof the robot to preferentiallybias certain
stimuli. For example,if therobot is searchingfor a playmate,theweightof theskin detectorcanbeincreasedto
causetherobotto show a preferencefor attendingto faces.
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Fig.4. Low-level featuredetectorsfor skin �nding, motiondetection,andcolor saliency analysisarecombinedwith top-down
motivational in�uencesandhabituationeffectsby theattentionalsystemto directeye andneckmovements.In theseimages,
therobothasidenti�ed threesalientobjects:a face,a hand,anda colorful toy block.

5.3 Finding eyesand faces

The �rst sharedattentionbehaviors that infantsengagein involve maintainingeye contact.To enableour robot
to recognizeandmaintaineye contact,we have implementeda perceptualsystemcapableof �nding facesand
eyes[35]. Our facedetectiontechniquesaredesignedto identify locationsthat are likely to containa face,not
to verify with certaintythata faceis presentin the image.Potentialfacelocationsareidenti�ed by theattention
systemaslocationsthathaveskincolorand/ormovement.Theselocationsarethenscreenedusingatemplate-based
algorithmcalled“ratio templates”developedby Sinha[36].

Theratio templatealgorithmwasdesignedto detectfrontal views of facesundervarying lighting conditions,
andis anextensionof classicaltemplateapproaches[36]. Ratio templatesalsooffer multiple levelsof biological
plausibility; templatescanbe eitherhand-codedor learnedadaptively from qualitative imageinvariants[36]. A
ratio templateis composedof regionsandrelations,asshown in Figure5. For eachtargetlocationin thegrayscale
peripheralimage,a templatecomparisonis performedusinga specialsetof comparisonrules.Thesetof regions
is convolved with an imagepatcharounda pixel location to give the averagegrayscalevalue for that region.
Relationsarecomparisonsbetweenregion values,for example,betweenthe “left forehead”region andthe “left
temple”region.Therelationis satis�edif theratioof the�rst region to thesecondregionexceedsaconstantvalue
(in our case,1.1). Thenumberof satis�ed relationsservesasthematchscorefor a particularlocation;themore
relationsthataresatis�ed themorelikely thata faceis locatedthere.In Figure5, eacharrow indicatesa relation,
with theheadof thearrow denotingthesecondregion(thedenominatorof theratio).Theratio templatealgorithm
hasbeenshown to bereasonablyinvariantto changesin illuminationandslight rotationalchanges[35].

Locationsthatpassthescreeningprocessareclassi�ed asfacesandcausethe robot to saccadeto that target
usingalearnedvisual-motorbehavior. Thelocationof thefacein peripheralimagecoordinatesis thenmappedinto
foveal imagecoordinatesusinga secondlearnedmapping.The locationof the facewithin the peripheralimage
canthenbeusedto extractthesub-imagecontainingtheeye for furtherprocessing(seeFigure6). This technique
hasbeensuccessfulat locatingandextractingsub-imagesthatcontaineyesunderavarietyof conditionsandfrom
many differentindividuals.Thesefunctionsmatchthe�rst functionof Baron-Cohen'sEDD andbegin to approach
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Fig.5. A ratio templatefor facedetection.Thetemplateis composedof 16 regions(thegrayboxes)and23relations(shown by
arrows). Darker arrows arestatisticallymoreimportantin makingtheclassi�cationandarecomputed�rst to allow real-time
rates.

Fig.6. A selectionof facesandeyesidenti�ed by the robot.Facesarelocatedin the wide-angleperipheralimage.The robot
thensaccadesto thetargetto obtaina high-resolutionimageof theeye from thenarrow �eld-of-view camera.

thesecondandthird functionsaswell. Wearecurrentlyextendingthefunctionalityto includeinterpolationof gaze
directionusingthedecompositionproposedby Butterworth [8] (seesection6 below).

5.4 Discriminating animate fr om inanimate

We arecurrently implementinga systemthat distinguishesbetweenanimateandinanimatevisual stimuli based
on thepresenceof self-generatedmotion.Similar to the�ndings of Leslie[25] andCohenandAmsel [13] on the
classi�cationperformedby infants,oursystemoperatesat two developmentalstages.Bothstagesform trajectories
from stimuli in consecutive imageframesandattemptto maximizethepathcoherency. Thedifferencesbetween
the two developmentalstateslies in the typeof featuresusedin tracking.At the �rst stage,only spatio-temporal
features(resultingfrom objectsizeandmotion)areusedascuesfor tracking.In thesecondstage,morecomplex
object featuressuchascolor, texture, andshapeareemployed. With a systemfor distinguishinganimatefrom
inanimatestimuli, we can begin to provide the distinctionsimplicit in Leslie's differencesbetweenToBY and
ToMM andtheassumptionsthatBaron-Cohenrequiresfor ID.

Computationaltechniquesfor multi-target trackinghave beenusedextensively in signalprocessingandde-
tectiondomains.Our approachis basedon themultiple hypothesistrackingalgorithmproposedby Reid[34] and
implementedby Cox andHingorani[14]. Theoutputof themotiondetectionmoduleproducesregionsof motion
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However, becausethe numberof targetsin eachframe is never constantandbecausethe existenceof a target
from oneframeto thenext is uncertain,we mustintroducea mechanismto compensatefor objectsthatenterand
leave the �eld of view andto compensatefor irregularitiesin the earlierprocessingmodules.To addressthese
problems,we introducephantompoints that have unde�ned locationswithin the imageplanebut which canbe
usedto completetrajectoriesfor objectsthat enter, exit, or are occludedwithin the visual �eld. As eachnew
point is introduced,a setof hypotheseslinking that point to prior trajectoriesaregenerated.Thesehypotheses
includerepresentationsfor falsealarms,non-detectionevents,extensionsof prior trajectories,andbeginningsof
new trajectories.Thesetof all hypothesesareprunedat eachtime stepbasedon statisticalmodelsof thesystem
noiselevels and basedon the similarity betweendetectedtargets.This similarity measurementis basedeither
purely on distancesbetweenpoints in the visual �eld (a condition that representsthe �rst developmentalstage
describedabove)or on similaritiesof objectfeaturessuchascolor content,size,visualmoments,or roughspatial
distribution (a conditionthat re�ects a sensitivity to objectpropertiescharacteristicof theseconddevelopmental
stage).At any point, thesystemmaintainsa small setof overlappinghypothesesso that futuredatamaybeused
to disambiguatethescene.Of course,thesystemcanalsoproducethesetof non-overlappinghypothesesthatare
statsticallymostlikely.

We arecurrentlydevelopingmetricsfor evaluatingthesetrajectoriesin orderto classifythestimulusaseither
animateor inanimateusingthedescriptionsof Michotte's[28] observationsof adultsandLeslie's[25] observations
of infants.The generalform of theseobservationsindicatethat self-generatedmovementis attributedto stimuli
whosevelocity pro�les changein a non-constantmanner, that is, animateobjectscanchangetheir directionsand
speedwhile inanimateobjectstendto follow a singleaccelerationunlessacteduponby anotherobject.

6 OngoingWork

Thesystemsthathavebeenimplementedsofarhaveonly begunto addresstheissuesraisedby Leslie'sandBaron-
Cohen'smodelsof theoryof mind.In thissection,threecurrentresearchdirectionsarediscussed:theimplementa-
tion of gazefollowing; theextensionsof gazefollowing to deicticgestures;andtheextensionof animate-inanimate
distinctionsto morecomplex spatio-temporalrelationssuchassupportandself-recognition.

6.1 Implementing gazefollowing

Oncea systemis capableof detectingeye contact,threeadditionalsubskillsare requiredfor gazefollowing:
extractingtheangleof gaze,extrapolatingtheangleof gazeto a distalobject,andmotor routinesfor alternating
betweenthedistalobjectandthecaregiver. Extractingangleof gazeisageneralizationof detectingsomeonegazing
atyou,but requiresadditionalcompetencies.By ageometricanalysisof this task,wewouldneedto determinenot
only theangleof gaze,but alsothedegreeof vergenceof theobserver'seyesto �nd thedistalobject.However, the
ontogeny of gazefollowing in humanchildrendemonstratesasimplerstrategy.

Butterworth[8] hasshown thatatapproximately6 months,infantswill begin to follow acaregiver'sgazeto the
correctsideof thebody, thatis, thechild candistinguishbetweenthecaregiverlookingto theleft andthecaregiver
looking to theright (seeFigure7). Over thenext threemonths,their accuracy increasesso that they canroughly
determinethe angleof gaze.At 9 months,thechild will track from thecaregiver's eyesalongthe angleof gaze
until a salientobjectis encountered.Even if theactualobjectof attentionis further alongthe angleof gaze,the
child is somehow “stuck” on the�rst objectencounteredalongthatpath.Butterworth labelsthis the“ecological”
mechanismof joint visualattention,sinceit is thenatureof theenvironmentitself thatcompletestheaction.It is
not until 12 monthsthat thechild will reliably attendto thedistalobjectregardlessof its orderin thescanpath.
This “geometric”stageindicatesthattheinfantcansuccessfullydeterminenot only theangleof gazebut alsothe
vergence.However, evenat this stage,infantswill only exhibit gazefollowing if thedistalobjectis within their
�eld of view. They will not turn to look behindthem,evenif theangleof gazefrom thecaregiver would warrant
suchanaction.Around18months,theinfantbeginsto entera“representational”stagein which it will follow gaze
anglesoutsideits own �eld of view, that is, it somehow representstheangleof gazeandthepresenceof objects
outsideits own view.
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18 months: Representational stage

6 months: Sensitivity to field

9 months: Ecological stage

12 months: Geometric stage

Fig.7. Proposeddevelopmentalprogressionof gazefollowing adaptedfrom Butterworth (1991).At 6 months,infantsshow
sensitivity only to thesidethat thecaregiver is gazing.At 9 months,infantsshow a particularstrategy of scanningalongthe
line of gazefor salientobjects.By oneyear, thechild canrecognizethevergenceof thecaregiver's eyesto localizethedistal
target,but will notorientif thatobjectis outsidethe�eld of view until 18monthsof age.

Implementingthis progressionfor a roboticsystemprovidesa simplemeansof bootstrappingbehaviors.The
capabilitiesusedin detectingandmaintainingeye contactcanbe extendedto provide a roughangleof gaze.By
trackingalongthis angleof gaze,andwatchingfor objectsthat have salientcolor, intensity, or motion,we can
mimic theecologicalstrategy. Fromanecologicalmechanism,we canre�ne thealgorithmsfor determininggaze
andaddmechanismsfor determiningvergence.Oncetherobotandthecaregiverareattendingto thesameobject,
therobotcanobserveboththevergenceof its own eyes(to achieve a senseof distanceto thecaregiverandto the
target)andthepupil locations(andthusthevergence)of thecaregiver'seyes.A roughgeometricstrategy canthen
beimplemented,andlaterre�ned throughfeedbackfrom thecaregiver. A representationalstrategy will requirethe
ability to maintaininformationonsalientobjectsthatareoutsideof the�eld of view includinginformationontheir
appearance,location,size,andsalientproperties.

6.2 Extensionsof gazefollowing to deictic gestures

AlthoughBaron-Cohen'smodelfocuseson thesocialaspectsof gaze(primarily sincethey arethe�rst to develop
in children),thereareothergesturalcuesthatserveassharedattentionmechanisms.After gazefollowing, thenext
mostobviousis thedevelopmentof imperativeanddeclarativepointing.

Imperative pointing is a gestureusedto obtainan object that is out of reachby pointing at that object.This
behavior is �rst seenin humanchildrenat aboutninemonthsof age,andoccursin many monkeys [11]. However,
thereis nothingparticularto the infant's behavior that is different from a simple reach– the infant is initially
as likely to perform imperative pointing when the caregiver is attendingto the infant as when the caregiver is
looking in theotherdirectionor whenthecaregiveris notpresent.Thecaregiver'sinterpretationof infant'sgesture
providesthe sharedmeaning.Over time, the infant learnswhenthe gestureis appropriate.Onecanimaginethe
child learningthis behavior throughsimplereinforcement.Thereachingmotionof theinfantis interpretedby the
adult asa requestfor a speci�c object,which the adult thenacquiresandprovidesto the child. The acquisition
of the desiredobject serves as positive reinforcementfor the contextual settingthat precededthe reward (the
reachingactionin thepresenceof theattentive caregiver).Generationof this behavior is thena simpleextension
of a primitivereachingbehavior.

Declarative pointing is characterizedby an extendedarm and index �nger designedto draw attentionto a
distalobject.Unlike imperativepointing,it is notnecessarilya requestfor anobject;childrenoftenusedeclarative
pointing to draw attentionto objectsthat areclearly outsidetheir reach,suchasthe sunor an airplanepassing
overhead.Declarativepointingalsoonly occursunderspeci�c socialconditions;childrendonotpointunlessthere
is someonetoobservetheiraction.I proposethatimitationisacritical factorin theontogeny of declarativepointing.
This is an appealingspeculationfrom both an ontologicalanda phylogeneticstandpoint.From an ontological
perspective,declarativepointingbeginsto emergeatapproximately12monthsin humaninfants,which is alsothe
sametime that othercomplex imitative behaviors suchaspretendplay begin to emerge.From the phylogenetic
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perspective,declarativepointinghasnot beenidenti�ed in any non-humanprimate[33]. This alsocorrespondsto
thephylogeny of imitation; no non-humanprimatehasever beendocumentedto displayimitative behavior under
generalconditions[21]. I proposethat the child �rst learnsto recognizethe declarative pointing gesturesof the
adultandthenimitatesthosegesturesin orderto producedeclarativepointing.Therecognitionof pointinggestures
builds uponthecompetenciesof gazefollowing andimperativepointing;theinfrastructurefor extrapolationfrom
a body cueis alreadypresentfrom gazefollowing, it needonly be appliedto a new domain.The generationof
declarativepointinggesturesrequiresthesamemotorcapabilitiesasimperativepointing,but it mustbeutilized in
speci�c socialcircumstances.By imitatingthesuccessfulpointinggesturesof otherindividuals,thechild canlearn
to makeuseof similargestures.

6.3 Extensionsof animate-inanimatedistinctions

The simplespatio-temporalcriteria for distinguishinganimatefrom inanimatehasmany obvious �a ws. We are
currentlyattemptingto outlinepotentialextensionsfor thismodel.Onenecessaryextensionis theconsiderationof
trackingover longertime scales(on theorderof tensof minutes)to allow processingof a morecontinuousobject
identity. This will alsoallow for processingto remove a subsetof repetitively moving objectsthat arecurrently
incorrectlyclassi�edasanimate(suchaswouldbecausedby a treemoving in thewind).

A secondsetof extensionswould be to learnmorecomplex forms of causalstructuresfor physicalobjects,
suchastheunderstandingof gravity andsupportrelationships.This developmentaladvancemaybestronglytied
to theobjectconceptandthephysicallawsof spatialoccupancy [20].

Finally, more complex objectpropertiessuchas shapefeaturesandcolor shouldbe usedto add a level of
robustnessto the multi-target tracking.Kalman �lters have beenusedto track complex featuresthat gradually
changeover time [14].

7 Conclusion

While theoryof mind studieshave beenmorein therealmof philosophythantherealmof robotics,the require-
mentsof humanoidroboticsfor building systemsthatcaninteractsociallywith peoplewill requirea focuson the
issuesthat theoryof mind researchhasaddressed.Both Baron-CohenandLeslie have providedmodelsof how
morecomplex socialskills canbedevelopmentallyconstructedfrom simplersensory-motorskill sets.While nei-
ther modelis exactly suitedfor a robotic implementation,they do show promisefor providing the basisof such
animplementation.I have presentedoneinitial attemptat building a framework of theseprecursorsto a theoryof
mind, but certainlymuchmorework is required.However, thepossibilityof a robotic implementationalsoraises
the questionsof the useof suchan implementationasa tool for evaluatingthe predictive power andvalidity of
thosemodels.Having animplementationof adevelopmentalmodelonarobotwouldallow detailedandcontrolled
manipulationsof the modelwhile maintainingthe sametestingenvironmentandmethodologyusedon human
subjects.Internalmodelparameterscouldbevariedsystematicallyastheeffectsof differentenvironmentalcon-
ditionson eachstepin developmentareevaluated.Becausetherobotbringsthemodelinto thesameenvironment
asa humansubject,similar evaluationcriteria canbe used(whethersubjective measurementsfrom observersor
quantitative measurementssuchasreactiontime or accuracy). Further, a robotic modelcanalsobe subjectedto
controversialtestingthatis potentiallyhazardous,costly, or unethicalto conductonhumans.While thispossibility
doesraisea hostof new questionsandissues,it is apossibilityworthyof furtherconsideration.
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essencesof intelligence.In Proceedingsof theAmericanAssociationof Arti�cial Intelligence(AAAI-98), 1998.



12 Brian Scassellati

[7] Rodney A. Brooks,CynthiaBreazeal,Matthew Marjanovic, Brian Scassellati,andMatthew M. Williamson. The Cog
project:Building a humanoidrobot. In C. L. Nehaniv, editor, Computationfor Metaphors, Analogy andAgents, volume
1562of Springer Lecture Notesin Arti�cial Intelligence. Springer-Verlag,1999.

[8] GeorgeButterworth. Theontogeny andphylogeny of joint visualattention.In Andrew Whiten,editor, Natural Theories
of Mind. Blackwell,1991.

[9] R. ByrneandA. Whiten,editors.MachiavellianIntelligence:SocialExpertiseandtheEvolutionof Intellectin Monkeys,
Apes,andHumans.Oxford UniversityPress,1988.

[10] SusanCarey. Sourcesof conceptualchange. In Ellen Kofsky Scholnick,KatherineNelson,SusanA. Gelman,and
Patricia H. Miller, editors,ConceptualDevelopment:Piaget's Legacy, pages293–326.LawrenceErlbaumAssociates,
1999.

[11] DorothyL. Cheney andRobertM. Seyfarth. How MonkeysSeetheWorld. Universityof ChicagoPress,1990.
[12] DorothyL. Cheney andRobertM. Seyfarth.Readingmindsor readingbehavior?Testsfor a theoryof mind in monkeys.

In Andrew Whiten,editor, Natural Theoriesof Mind. Blackwell,1991.
[13] LeslieB. CohenandGeoffrey Amsel.Precursorsto infants'perceptionof thecausalityof asimpleevent. InfantBehavior

andDeveloment, 21(4):713–732,1998.
[14] IngemarJ. Cox andSunitaL. Hingorani. An ef�cient implementationof Reid's multiple hypothesistrackingalgorithm

andits evaluationfor thepurposeof visual tracking. IEEE Transactionson PatternAnalysisandMachine Intelligence
(PAMI), 18(2):138–150,February1996.

[15] DanielC. Dennett.TheIntentionalStance. MIT Press,1987.
[16] J.F. Fagan.Infants' recognitionof invariantfeaturesof faces.Child Development, 47:627–638,1976.
[17] JerryFodor. A theoryof thechild's theoryof mind. Cognition, 44:283–296,1992.
[18] ChrisD. Frith andUtaFrith. Interactingminds– a biologicalbasis.Science, 286:1692–1695,26 November1999.
[19] RochelGelman.Firstprinciplesorganizeattentionto andlearningaboutrelevantdata:numberandtheanimate-inanimate

distinctionasexamples.CognitiveScience, 14:79–106,1990.
[20] Marc HauserandSusanCarey. Building a cognitive creaturefrom a setof primitives:Evolutionaryanddevelopmental

insights. In DeniseDellarosaCumminsandColin Allen, editors,TheEvolutionof Mind. Oxford UniversityPress,New
York, 1998.

[21] Marc D. Hauser. Evolutionof Communication. MIT Press,1996.
[22] L. Itti, C. Koch,andE. Niebur. A modelof saliency-basedvisualattentionfor rapidsceneanalysis.IEEE Transactions

on PatternAnalysisandMachineIntelligence(PAMI), 20(11):1254–1259,1998.
[23] RameshJain,RangacharKasturi,andBrian G. Schunck.MachineVision. McGraw-Hill, 1995.
[24] AnnetteKarmiloff-Smith,EdwardKlima, UrsulaBellugi, JuliaGrant,andSimonBaron-Cohen.Is thereasocialmodule?

Language,faceprocessing,and theoryof mind in individualswith Williams Syndrome. Journal of Cognitive Neuro-
science, 7:2:196–208,1995.

[25] Alan M. Leslie. Theperceptionof causalityin infants.Perception, 11:173–186,1982.
[26] Alan M. Leslie. Spatiotemporalcontinuityandtheperceptionof causalityin infants.Perception, 13:287–305,1984.
[27] Alan M. Leslie. ToMM, ToBY, andAgency: Corearchitectureanddomainspeci�city. In L. A. HirschfeldandS. A.

Gelman,editors,MappingtheMind: Domainspeci�city in cognition andculture, pages119–148.CambridgeUniversity
Press,1994.

[28] A. Michotte. Theperceptionof causality. Methuen,Andover, MA, 1962.
[29] P. Mundy andM. Sigman. The theoreticalimplicationsof joint attentionde�cits in autism. Developmentand Psy-

chopathology, 1:173–183,1989.
[30] H. C. Nothdurft. The role of featuresin preattentive vision: Comparisonof orientation,motion andcolor cues. Vision

Research, 33:1937–1958,1993.
[31] JosefPernerandBirgit Lang. Developmentof theoryof mindandexecutive control. Trendsin CognitiveSciences, 3(9),

September1999.
[32] Daniel J. Povinelli andToddM. Preuss.Theoryof mind: evolutionaryhistoryof a cognitive specialization.Trendsin

Neuroscience, 18(9),1995.
[33] D. Premack.“Doesthechimpanzeehaveatheoryof mind?”revisited.In R.ByrneandA. Whiten,editors,Machiavellian

Intelligence:SocialExpertiseand the Evolutionof Intellect in Monkeys, Apes,and Humans.Oxford University Press,
1988.

[34] D. B. Reid. An algorithmfor trackingmultiple targets. IEEE Transactionson AutomatedControl, AC-24(6):843–854,
December1979.

[35] Brian Scassellati.Findingeyesandfaceswith a foveatedvision system.In Proceedingsof theAmericanAssociationof
Arti�cial Intelligence(AAAI-98), 1998.

[36] PawanSinha. Perceivingandrecognizingthree-dimensionalforms. PhDthesis,MassachusettsInstituteof Technology,
1996.

[37] H. Wimmer andJ. Perner. Beliefs aboutbeliefs:Representationandconstrainingfunction of wrong beliefs in young
children's understandingof deception.Cognition, 13:103–128,1983.

[38] JeremyM. Wolfe. Guidedsearch2.0:A revisedmodelof visualsearch.PsychonomicBulletin& Review, 1(2):202–238,
1994.


