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Abstract. If we areto build human-lile robotsthat caninteractnaturallywith people,our robotsmustknowv

not only aboutthe propertiesof objectsbut also the propertiesof animateagentsin the world. One of the

fundamentabocialskills for humands the attribution of beliefs,goals,anddesiresto otherpeople.This setof

skills hasoftenbeencalleda“theory of mind? This papemresentshetheoriesof Leslie[27] andBaron-Cohen
[2] onthe developmentof theoryof mind in humanchildrenanddiscusseshe potentialapplicationof both of

thesetheoriesto building robotswith similar capabilities Initial implementatiordetailsandbasicskills (such
as nding facesandeyesanddistinguishinganimatefrom inanimatestimuli) areintroduced! furtherspeculate
ontheusefulnessf aroboticimplementatiorin evaluatingandcomparingthesetwo models.

1 Intr oduction

Humansocialdynamicsrely uponthe ability to correctly attribute beliefs, goals,and perceptso otherpeople.
This setof metarepresentationabilities, which have beencollectively calleda “theory of mind” or the ability to
“mentalize”, allows us to understandhe actionsandexpression®of otherswithin anintentionalor goal-directed
framavork (whatDennet{15] hascalledtheintentionalstance)Therecognitionthatotherindividualshave knowl-
edge perceptionsandintentionsthatdiffer from our own is a critical stepin achild's developmentandis believed
to beinstrumentalin self-recognitionjn providing a perceptuagroundingduringlanguagdearning,andpossibly
in the developmentof imaginative and creative play [9]. Theseabilities are also centralto what de nes human
interactionsNormalsocialinteractiongdependipontherecognitionof otherpointsof view, the understandingf
othermentalstatesandthe recognitionof complex non-verbalsignalsof attentionandemotionalstate.

Researctirom mary differentdisciplineshave focusedon theoryof mind. Studentf philosophyhave been
interestedn the understandingf othermindsandthe representationf knowledgein others.Most recently Den-
nett[15] hasfocusedon how organismsaturallyadoptan‘“intentionalstance’andinterpretthebehaiors of others
asif they possesgoals,intents,andbeliefs.Ethologistshave alsofocusedon theissueof theoryof mind. Studies
of the socialskills presenin primatesandotheranimalshave revolved aroundthe extentto which otherspecies
areableto interpretthe behaior of conspeci csandin uence thatbehaior throughdeception(e.g.Premaci33],
Povinelli andPreusg$32], andCheng andSeyfarth[12]). Researclon thedevelopmenbf socialskills in children
have focusedon characterizinghe developmentalprogressiorof social abilities (e.g. Fodor [17], Wimmer and
Perne37], andFrith andFrith [18]) andon how theseskills resultin conceptuathangesndtherepresentational
capacitief infants(e.g.Carey [10], and Gelman[19]). Furthermoreresearcton penasive developmentadis-
orderssuchasautismhave focusedon the selectve impairmentof thesesocialskills (e.g.PernerandLang[31],
Karmiloff-Smith et. al. [24], andMundy andSigman[29]).

Researcherstudyingthe developmentof socialskills in normalchildren,the presencef socialskills in pri-
matesandothervertebratesandcertainpenasie developmentatdisordershave all focusedon attemptingto de-
composethe ideaof a central“theory of mind” into setsof precursorskills and developmentaimodules.In this
paperl will review two of themostpopularandin uential modelswhichattempto link togethemulti-disciplinary
researchinto a coherentevelopmentakxplanation,onefrom Baron-Coherj2] andonefrom Leslie[27]. Section
4 will discusgthe implicationsof thesemodelsto the constructionof humanoidrobotsthatengagen naturalhu-
mansocialdynamicsandhighlight someof the issuesnvolvedin implementingthe structureshatthesemodels
proposeFinally, Section5 will describesomeof the precursorcomponentshat have alreadybeenimplemented
by theauthoron ahumanoidrobotatthe MIT Arti cial Intelligencelab.

2 Leslie's Model of Theory of Mind

Leslie's [26] theorytreatsthe representationf causakventsasa centralorganizingprincipleto theoriesof object
mechanicandtheoriesof othermindsmuchin the sameway thatthe notion of numbermay be centralto object
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Fig. 1. Film sequencessedby Leslie[25] to studyperceptiorof causalityin infantsbasedon similar testsin adultsperformed
by Michotte[28]. Thefollowing six eventswerestudied:(a) directlaunching—thelight bluebrick movesoff immediatelyafter
impactwith the darkred brick; (b) delayedreaction— spatiallyidenticalto (a), but a 0.5 seconddelayis introducedbetween
thetime of impactandthe movementof thelight blue brick; (c) launcing withoutcollision — identicaltemporalstructurebut

without physicalcontact;(d) collision with no launcing — identicalresultbut without causation{e) no contact,no launching

— anothemlausiblealternatve. Both adultsandinfantsolder thansix monthsinterpretevents(a) and(e) asdifferentfrom the

classof eventsthatviolatesimplemechanicalaws (b-d). Infantsthathave beenhabituatedo anon-causagventwill selectiely

dishabituateao a causakventbut notto othernon-causaévents.Adaptedfrom Leslie[25].

representationAccordingto Leslie, the world is naturally decomposedhto threeclassef eventsbasedupon
their causalstructure;one classfor medanical agency onefor actionalagency andonefor attitudinal agency
Lesliearguesthatevolution hasproducedndependentiomain-speci cmodulesto dealwith eachof theseclasses
of event. TheTheoryof Body module(ToBY) dealswith eventsthatarebestdescribedy mechanicahgeng, that
is, they canbe explainedby therulesof medanics Thesecondnoduleis systeml of the Theoryof Mind module
(ToMM-1) which explainseventsin termsof theintentandgoalsof agentsthatis, theiractions Thethird module
is system? of the Theoryof Mind module(ToMM-2) which explainseventsin termsof the attitudesandbeliefs
of agents.

The Theory of Body mechanism(ToBY) embodiegthe infant's understandingf physicalobjects.ToBY is
a domain-speci cmodulethat dealswith the understandingf physicalcausalityin a mechanicabenseToBY's
goalis to describeheworld in termsof the mechanic®of physicalobjectsandthe eventsthey enterinto. ToBY in
humanss believedto operateontwo typesof visualinput: athree-dimensionaibject-centeredepresentatiofrom
high level cognitive andvisual systemsanda simplermotion-basedystem.This motion-basedystemaccounts
for the causalexplanationsthat adultsgive (and the causalexpectationsof children)to the “billiard ball” type
launchingdisplayspioneeredby Michotte [28] (see gure 1). Leslie proposedhat this sensitvity to the spatio-
temporalpropertieof eventsis innate but morerecentwork from CoherandAmsel[13] mayshaw thatit develops
extremelyrapidlyin the rst few monthsandis fully developedby 6-7 months.

ToBY isfolloweddevelopmentallyby theemegenceof a Theoryof Mind Mechanism(ToMM) whichdevelops
in two phaseswhich Leslie calls system-land system-2but which | will refer to as ToMM-1 and ToMM-2
after Baron-Coher[2]. Justas ToBY dealswith the physicallaws that govern objects,ToMM dealswith the
psychologicalaws that govern agentsToMM-1 is concernedvith actionalageng; it dealswith agentsandthe
goal-directedhctionsthatthey produce.The primitive representationsf actionssuchasapproachavoidance and
escapareconstructedy TOMM-1. Thissystenof detectinggoalsandactionsbeginsto emegeatarounds months
of age,andis mostoftencharacterizedby attentionto eye gaze.Leslie leavesopenthe issueof whetherToMM-1
is innateor acquired. TOMM-2 is concernedvith attitudinalageng; it dealswith the representationsf beliefs
andhow mentalstatescandrive behaior relative to a goal. This systemdevelopsgradually with the rst signs
of developmentbeginning betweenl8 and 24 monthsof ageand completingsometimenear48 months. TOMM-
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Fig. 2. Block diagramof Baron-Cohers modelof the developmentof theoryof mind. Seetext for description Adaptedfrom

2.

2 employs the M-representationa meta-representatiomwhich allows truth propertiesof a statemento be based
on mentalstatesratherthanobsenable stimuli. TOMM-2 is a requiredsystemfor understandinghat othershold
beliefsthatdiffer from our own knowledgeor from the obsenableworld, for understandinglifferentperceptual
perspecties,andfor understandingretenseandpretending.

3 Baron-Cohen's Model of Theory of Mind

Baron-Cohers modelassumeswo forms of perceptuainformationare availableasinput. The rst perceptde-
scribesall stimuliin thevisual,auditory andtactileperceptuasphereshathave self-propellednotion. Thesecond
perceptdescribesll visualstimuli thathave eye-like shapesBaron-Cohermproposeshatthe setof precursorgo a
theoryof mind, which he callsthe “mindreadingsystent, canbe decomposethto four distinctmodules.

The rst moduleinterpretsself-propellednotionof stimuli in termsof the primitive volitional mentalstatesof
goalanddesire.This module,calledtheintentionalitydetector(ID) produceglyadicrepresentationthatdescribe
the basicmovementsf approachandavoidance For example,ID canproducerepresentationsuchas“he wants
thefood” or “she wantsto go over there”. This moduleonly operateson stimuli that have self-propelledmotion,
and thus passa criteria for distinguishingstimuli that are potentially animate(agents)from thosethat are not
(objects) Baron-Coherspeculatethat|D is a partof theinnateendavmentthatinfantsarebornwith.

The secondmoduleprocessesisual stimuli thatareeye-like to determinghe directionof gaze.This module,
calledthe eye directiondetector(EDD), hasthreebasicfunctions.First, it detectghe presencef eye-like stimuli
in thevisual eld. Humaninfantshave a preferenceo look at humanfaces,and spendmoretime gazingat the
eyesthanat otherpartsof theface.SecondEDD computesvhethertheeyesarelooking atit or atsomethingelse.
Baron-Cohemproposeshathaving someonelsemake eye contactis anaturalpsychologicateleasethatproduces
pleasurdn humaninfants(but may producemorenegative arousaln otheranimals).Third, EDD interpretsgaze
directionasa perceptuasktate thatis, EDD codesdyadicrepresentationatatesof the form “agentseesme” and
“agentlooking-atnot-me”.

Thethird module the sharedattentionmechanisn{SAM), takesthe dyadicrepresentationfom ID andEDD
andproducedriadic representationsf the form “John seeql seethegirl)”. Embeddedvithin this representation
is aspeci cationthatthe externalagentandthe self arebothattendingo the sameperceptuabbjector event. This
sharedattentionaktateresultsfrom anembeddingf onedyadicrepresentatiomwithin another SAM additionally
can make the output of ID availableto EDD, allowing the interpretationof eye direction as a goal state.By
allowing the agentto interpretthe gazeof othersasintentions,SAM providesa mechanisnfor creatingnested
representationsf theform “Johnseeql wantthetoy)”.
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The last module,the theory of mind mechanisn{ToMM), providesa way of representingpistemicmental
statesn otheragentsandamechanismior tying togetherour knowledgeof mentalstatesnto acoherentwholeas
ausabletheory TOMM rst allows the constructiorof representationsf theform “Johnbelieves(it is raining)”.
ToMM allows the suspensiof the normaltruth relationsof propositiongreferrentialopacity),which providesa
meandor representinggnowledgestateghatareneithernecessarilyruenor matchtheknowledgeof theorganism,
suchas“Johnthinks(Elvis is alive)”. Baron-Coherproposeshatthetriadic representationsf SAM arecorverted
throughexperiencento the M-representationsf ToOMM.

Baron-Cohers modulesmatcha developmentaprogressiorthatis obsenedin infants.For normalchildren,
ID andthe basicfunctionsof EDD areavailableto infantsin the rst 9 monthsof life. SAM developshetweer9
and 18 months,and ToMM developsfrom 18 monthsto 48 months.However, the mostattractive aspectf this
modelarethewaysin whichit hasbeenappliedbothto theabnormabdevelopmenbf socialskills in autismandto
the socialcapabilitiesof non-humarprimatesandothervertebrates.

Autism is a penasive developmentabisorderof unknown etiologythatis diagnosedy a checklistof beha-
ioral criteria.Baron-Cohetasproposedhattherangeof de cienciesin autismcanbecharacterizethy his model.
In all casesEDD andID arepresentin somecase®f autism,SAM andToMM areimpaired,while in othersonly
ToMM is impaired. This can be contrastedwith other developmentaldisorders(suchas Down's syndrome)or
speci c linguistic disorderdgn which evidenceof all four modulescanbe seen.

Furthermore Baron-Coherattemptsto provide an evolutionary descriptionof thesemodulesby identifying
partial abilities in otherprimatesandvertebratesThis phylogenetiadescriptionrangesfrom the abilities of hog-
nosedsnalesto detectdirecteye contactto the sensitvities of chimpanzeeto intentionalacts.Roughlyspeaking,
theabilitiesof EDD seemnto bethemostbasicandcanbefoundin partin snales,avians,andmostothervertebrates
asa sensitvity to predatorgor prey) looking at the animal.ID seemsto be presentin mary primates,but the
capabilitiesof SAM seento bepresenbnly partially in the greatapes.Theevidenceon ToMM is lessclear, but it
appearshatno otherprimatesreadilyinfer mentalstatesof beliefandknowledge.

4 Implications of theseModelsto Humanoid Robots

A roboticsystenthatpossessedtheoryof mindwouldallow for socialinteractiondetweertherobotandhumans
that have previously not beenpossible.The robot would be capableof learningfrom an obsener usingnormal
socialsignalsin thesameway thathumaninfantslearn;no specializedraining of theobsererwould be necessary
The robot would also be capableof expressingits internal state(emotions,desires,goals, etc.) throughsocial
interactionsvithout relying uponanarti cial vocahulary. Further arobotthatcanrecognizehe goalsanddesires
of otherswill allow for systemghatcanmoreaccuratelyreactto the emotional,attentional and cognitive states
of theobsener, canlearnto anticipatethereactionsof the obsenrer, andcanmodify its own behavior accordingly
The constructiornf thesesystemanay alsoprovide a new tool for investigatinghe predictive power andvalidity
of the modelsfrom naturalsystemsthat sene asthe basis.An implementedmnodel can be testedin ways that
arenot possibleto teston humansyusingalternatedevelopmentakonditions,alternateexperiencesandalternate
educationabndinterventionapproaches.

The dif culty, of course,is that even the initial componentof thesemodelsrequirethe coordinationof a
large numberof perceptualsensory-motqgrattentional andcognitive processedn this section,| will outlinethe
adwantagesnddisadwantage®f Leslie's modelandBaron-Cohers modelwith respecto implementationin the
following section,| will describesomeof thecomponentshathave alreadybeenconstructecindsomewhich are
currentlydesignedut still beingimplemented.

The mostinterestingpart of thesemodelsis thatthey attemptto describethe perceptuabndmotor skills that
sene asprecursorso the morecomplex theoryof mind capabilities Thesedecompositionsene asaninspiration
anda guidelinefor how to build robotic systemghat canengagen complex socialinteractionsthey provide a
much-neededlivision of a ratherambiguousability into a setof obsenable,testablepredictionsaboutbehaior.
While it cannotbe claimedwith certaintythat following the outlinesthat thesemodelsprovide will producea
robot that hasthe sameabilities, the evolutionary and developmentalevidenceof sub-skillsdoesgive us hope
that theseabilities are critical elementsof the larger goal. Additionally, the groundingof high-level perceptual
abilitiesto obsenablesensoryandmotorcapabilitiesprovidesanevaluationmechanismior measuringheamount
of progresghatis beingmade.

From a roboticsstandpointthe most salientdifferencesbetweenthe two modelsarein the waysin which
they divide perceptuatasks.Leslie cleanlydividesthe perceptuaivorld into animateandinanimatespheresand
allows for further processingo occur speci cally to eachtype of stimulus.Baron-Cohendoesnot divide the
perceptualvorld quite socleanly but doesprovide moredetailon limiting the speci ¢ perceptualnputsthateach
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Fig. 3. Cog, an uppertorso humanoidrobot with twenty-onedegreesof freedomand sensorysystemsthat include visual,
auditory tactile, vestitular, andkinestheticsystems.

modulerequires.in practice both modelsrequireremarkablysimilar perceptuasystemgwhichis not surprising,
sincethe behaioral datais not underdebate) However, eachperspectie is usefulin its own way in building a

roboticimplementationAt onelevel, the robot mustdistinguishbetweernobjectstimuli thatareto be interpreted
accordingto physicallaws andagentstimuli thatareto be interpretedaccordingto psychologicalaws. However,

thespeci cationsthatBaron-Cohermprovideswill benecessarfor building visualroutinesthathave limited scope.

Theimplementatiorof thehigherlevel scopeof eachof thesemodelsalsohasimplicationsto robotics.Leslie's

modelhasa very elegantdecompositionnto threedistinct areasof in uence, but the interactionsbetweenthese
levels are not well speci ed. Connectionsbetweenmodulesin Baron-Cohers model are better speci ed, but

they arestill lessthanideal for a roboticsimplementationlssueson how stimuli areto be divided betweenthe
competenciesf differentmodulesmustberesohedfor bothmodels. Onthe positive side,the representationthat
areconstructedy componentin bothmodelsarewell speci ed.

5 Implementing a Robotic Theory of Mind

Taking both Baron-Cohers modelandLeslie's model,we canbegin to specifythe speci ¢ perceptuahndcogni-
tive abilitiesthatour robotsmustemploy. Our initial systemsoncentraten two abilities: distinguishingbetween
animateand inanimatemotion andidentifying gazedirection. To maintainengineeringconstraintswe mustfo-
cuson systemghat canbe performedwith limited computationatesourcesat interactve ratesin realtime, and
on noisy andincompletedata. To maintainbiological plausibility, we focus on building systemshat matchthe
availabledataoninfantperceptuahbilities.

Ourresearctyrouphasconstructecinuppertorsohumanoidrobotwith a pair of six degree-of-freedonarms,
athreedegree-of-freedontorso,anda serendegreeof freedomheadandneck.Therobot,namedCog,hasavisual
systemconsistingof four color CCD cameragtwo camerager eye, onewith awide eld of view andonewith
anarrav eld of view at higheracuity), an auditory systemconsistingof two microphonesa vestihular system
consistingof athreeaxisinertial packageandanassortmentf kinestheticsensingrom encoderspotentiometers,
and straingauges(For additionalinformation on the robotic system,see[7]. For additionalinformationon the
reasongor building Cog,se€[1, 6].)

In additionto thebehaiorsthatarepresentedh this sectiontherearealsoavarietyof behaioral andcognitive
skills thatarenot integral partsof the theoryof mind models,but arenonethelessecessaryo implementthe de-
siredfunctionality. We haveimplementedavarietyof perceptualeaturedetectorgsuchascolorsalieny detectors,
motiondetectorsskin color lters, androughdisparitydetectorsthatmatchthe perceptuahbilities of youngin-
fants.We have constructe@ modelof humanvisualsearchandattentionthatwasproposedy Wolfe [38]. We have
alsoimplementednotorcontrolschemesor visualmotorbehaiors (includingsaccadesmooth-pursuitracking,
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anda vestilularoccularre ex), orientationmovementsf the headandneck,and primitive reachingmovements
for asix degree-of-freedonarm.We will brie y describeherelevantaspect®f eachof thesecomponentsothat
their placewithin the largerintegratedsystemcanbe madeclear

5.1 Pre-attentivevisual routines

Humaninfantsshav a preferencdor stimuli thatexhibit certainlow-level featurepropertiesFor example,a four-
month-oldinfantis morelik ely to look ata moving objectthana staticone,or aface-like objectthanonethathas
similar, but jumbled,featured16]. To mimic the preferencesf humaninfants,Cog's perceptuasystemcombines
threebasicfeaturedetectorscolor saliengy analysismotion detectionandskin color detection.Theselow-level
featuresarethen ltered throughan attentionalmechanisnbeforemore complec post-attentie processingsuch
asfacedetection)ccurs.All of thesesystemperateat speedshatareamenabléo socialinteraction(30Hz).
Color contentis computedusingan opponent-procesnodelthatidenti es saturatedireasf red, green blue,

andyellow [4]. Our modelsof color saliengy aredravn from the complementaryvork on visual searchand at-
tentionfrom Itti, Koch,andNiebur [22]. Theincomingvideo streamcontainghree8-bit color channelf , , and

) which aretransformednto four color-opponeng channelf , , ,and ). Eachinputcolorchannelis rst
normalizedby theluminance (aweightedaverageof thethreeinputcolor channels):

— - — - — - &)

Thesenormalizedcolor channelsarethenusedto producefour opponent-colochannels:

)
®3)
(4)

— (6)

Thefour opponent-colochannelsarethresholdedndsmoothedo producethe outputcolor salieng featuremap.
This smoothingsenesbothto eliminatepixel-level noiseandto provide a neighborhooaf in uence to the output
map,asproposedy Wolfe [38].

In parallelwith the color salieny computationsThe motiondetectionmoduleusestemporaldifferencingand
region growing to obtainboundingboxesof moving objects5]. Theincomingimageis corvertedto grayscaleand
placedinto aring of frame buffers. A raw motion mapis computedby passingthe absolutedifferencebetween
consecutre imageshroughathresholdfunction

(6)

This raw motionmapis thensmoothedo minimize point noisesources.

The third pre-attentie featuredetectoridenti es regionsthat have color valuesthat are within the rangeof
skintones[3]. Incomingimagesare rst ltered by a maskthatidenti es candidateareasasthosethat satisfythe
following criteriaonthered,green,andblue pixel components:

()

The nal weightingof eachregion is determinecdby a learnedclassi cation function that was trainedon hand-
classi edimageregions.Theoutputis againmedian ltered with a smallsupportareato minimize noise.

5.2 Visual attention

Low-level perceptualnputsarecombinedwith high-level in uencesfrom motivationsandhabituationeffectsby
the attentionsystem(seeFigure4). This systemis baseduponmodelsof adulthumanvisual searchandattention
[38], and hasbeenreportedpreviously [4]. The attentionprocessconstructsa linear combinationof the input
featuredetectorandatime-decayedsaussianeld which representfabituationeffects.High areasof activation
in this compositegenerate saccadeo thatlocationandcompensatorpmeckmovement. Theweightsof thefeature
detectorscan be in uenced by the motivational and emotionalstateof the robot to preferentiallybias certain
stimuli. For example,if therobotis searchingor a playmate the weight of the skin detectorcanbe increasedo
causeherobotto showv a preferencdor attendingto faces.
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Fig. 4. Low-level featuredetectordor skin nding, motiondetectionandcolor saliengy analysisarecombinedwith top-davn
motivationalin uences andhabituationeffects by the attentionalsystemto directeye andneckmovementslin theseimages,
therobothasidenti ed threesalientobjects:aface,a hand,anda colorful toy block.

5.3 Finding eyesand faces

The rst sharedattentionbehaiors that infantsengagen involve maintainingeye contact.To enableour robot
to recognizeand maintaineye contact,we have implementeda perceptuabystemcapableof nding facesand
eyes[35]. Our facedetectiontechniquesare designedo identify locationsthat arelikely to containa face,not
to verify with certaintythata faceis presentn theimage.Potentialfacelocationsareidenti ed by the attention
systemaslocationsthathave skincolorand/omovementThesdocationsarethenscreenedsingatemplate-based
algorithmcalled“ratio templates’developedby Sinha[36].

Theratio templatealgorithmwasdesignedo detectfrontal views of facesundervaryinglighting conditions,
andis an extensionof classicatemplateapproachef36]. Ratiotemplatesalsooffer multiple levels of biological
plausibility; templatescan be either hand-codedr learnedadaptvely from qualitatve imageinvariants[36]. A
ratiotemplateis composeaf regionsandrelations,asshavn in Figure5. For eachtargetlocationin thegrayscale
peripheraimage,a templatecomparisoris performedusinga specialsetof comparisorrules.The setof regions
is corvolved with an image patcharounda pixel locationto give the averagegrayscalevalue for that region.
Relationsare comparisondetweenregion values,for example,betweenrthe “left forehead’region andthe “left
temple”region. Therelationis satis edif theratio of the rst regionto the secondegion exceedsaconstantalue
(in our case1.1). The numberof satis ed relationssenesasthe matchscorefor a particularlocation;the more
relationsthataresatis edthe morelik ely thata faceis locatedthere.Iln Figure5, eacharrow indicatesa relation,
with theheadof thearrow denotingthe secondegion (thedenominatoof theratio). Theratio templatealgorithm
hasbeenshavn to bereasonablynvariantto changesn illumination andslight rotationalchange$35].

Locationsthat passthe screeningorocessare classi ed asfacesand causethe robotto saccaddo thattarget
usingalearnedvisual-motombehaior. Thelocationof thefacein peripheraimagecoordinatess thenmappednto
fovealimagecoordinatesusinga secondearnedmapping.The locationof the facewithin the peripheralimage
canthenbe usedto extractthe sub-imagecontainingthe eye for furtherprocessingseeFigure6). This technique
hasbeensuccessfuatlocatingandextractingsub-imageshatcontaineyesundera variety of conditionsandfrom
mary differentindividuals.Thesefunctionsmatchthe rst functionof Baron-Cohers EDD andbegin to approach
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Fig. 5. A ratiotemplatefor facedetectionThetemplateis composeaf 16 regions(thegrayboxes)and23 relations(shavn by
arrans). Darker arrows arestatisticallymoreimportantin makingthe classi cationandarecomputedrst to allow real-time
rates.

Fig. 6. A selectionof facesandeyesidenti ed by the robot.Facesarelocatedin the wide-angleperipheralimage.The robot
thensaccadeto thetametto obtaina high-resolutiorimageof theeye from thenarrav eld-of-view camera.

thesecondandthird functionsaswell. We arecurrentlyextendingthefunctionalityto includeinterpolationof gaze
directionusingthe decompositiorproposedy Butterworth [8] (seesection6 below).

5.4 Discriminating animate from inanimate

We are currentlyimplementinga systemthat distinguishedetweenanimateand inanimatevisual stimuli based
onthe presencef self-generatedhotion. Similar to the ndings of Leslie [25] andCohenandAmsel[13] onthe
classi cationperformedby infants,our systemoperatesttwo developmentaktagesBoth stagegorm trajectories
from stimuli in consecutie imageframesandattemptto maximizethe pathcohereng. The differencesetween
the two developmentaktatedies in the type of featuresusedin tracking.At the rst stage,only spatio-temporal
featureqresultingfrom objectsizeandmotion) areusedascuesfor tracking.In the secondstage morecomplec
objectfeaturessuchas color, texture, and shapeare employed. With a systemfor distinguishinganimatefrom
inanimatestimuli, we can begin to provide the distinctionsimplicit in Leslie's differencesbetweenToBY and
ToMM andtheassumptionshatBaron-Cohemequiresfor ID.

Computationatechniquedor multi-target tracking have beenusedextensiely in signal processingandde-
tectiondomains Our approachis basedon the multiple hypothesigrackingalgorithmproposedy Reid[34] and
implementedy Cox andHingorani[14]. The outputof the motiondetectionmoduleproducegegionsof motion
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andtheir respectie centroids. Thesecentroidlocationsform a streamof targetlocations with
targetspresentin eachframe . The objectiveis to producea labeledtrajectorywhich consistsof a setof points,
onefrom eachframe,which identify a singleobjectin theworld asit movesthroughthe eld of view:

(8)

However, becausdghe numberof targetsin eachframeis never constantand becausehe existenceof a target
from oneframeto the next is uncertainwe mustintroducea mechanisnto compensatéor objectsthatenterand
leave the eld of view andto compensatdor irregularitiesin the earlier processingnodules.To addresghese
problems we introducephantompointsthat 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 hypothesedinking that point to prior trajectoriesare generatedThesehypotheses
includerepresentationfor falsealarms,non-detectiorevents,extensionsof prior trajectories andbeginningsof
new trajectories.The setof all hypothesesre prunedat eachtime stepbasedon statisticalmodelsof the system
noiselevels and basedon the similarity betweendetectedtargets. This similarity measuremenis basedeither
purely on distancesetweenpointsin the visual eld (a conditionthat representshe rst developmentaktage
describedabove) or on similaritiesof objectfeaturessuchascolor contentsize,visualmomentspr roughspatial
distribution (a conditionthatre ects a sensitvity to objectpropertiescharacteristiof the seconddevelopmental
stage) At ary point, the systemmaintainsa small setof overlappinghypotheseso thatfuture datamay be used
to disambiguatehe scene Of course the systemcanalsoproducethe setof non-overlappinghypotheseshatare
statsticallymostlik ely.

We arecurrentlydevelopingmetricsfor evaluatingthesetrajectoriesn orderto classifythe stimulusaseither
animateor inanimateusingthedescription®f Michotte's[28] obsenationsof adultsandLeslie's[25] obsenations
of infants.The generalform of theseobsenationsindicatethat self-generatednovementis attributedto stimuli
whosevelocity pro les changdn a non-constantannerthatis, animateobjectscanchangetheir directionsand
speedwhile inanimateobjectstendto follow a singleacceleratiorunlessacteduponby anothembject.

6 OngoingWork

Thesystemghathave beenimplementedofar have only begunto addressheissuegaisedby Leslie'sandBaron-
Cohens modelsof theoryof mind. In this section threecurrentresearchiirectionsarediscussedtheimplementa-
tion of gazefollowing; theextensionof gazefollowing to deicticgesturesandtheextensionof animate-inanimate
distinctionsto morecomplex spatio-temporalelationssuchassupportandself-recognition.

6.1 Implementing gazefollowing

Oncea systemis capableof detectingeye contact,three additional subskills are requiredfor gazefollowing:

extractingthe angleof gaze,extrapolatingthe angleof gazeto a distal object,andmotor routinesfor alternating
betweerthedistalobjectandthecareagiver. Extractingangleof gazeis ageneralizatiomf detectingsomeonegazing
atyou, but requiresadditionalcompetencieBy a geometricanalysisof this task,we would needto determinenot
only theangleof gaze but alsothedegreeof vergenceof theobsenrer'seyesto nd thedistalobject.However, the
ontogely of gazefollowing in humanchildrendemonstratea simplerstrateyy.

Butterworth [8] hasshavn thatatapproximately6 months,nfantswill beginto follow a caragiver'sgazeto the
correctsideof thebody; thatis, the child candistinguishbetweerthecaregiverlookingto theleft andthe carayiver
looking to theright (seeFigure 7). Over the next threemonths their accurag increaseso thatthey canroughly
determinethe angleof gaze.At 9 months,the child will track from the careyiver's eyesalongthe angleof gaze
until a salientobjectis encounteredEvenif the actualobjectof attentionis further alongthe angleof gaze,the
child is somehav “stuck” onthe rst objectencounteredlongthat path.Butterworth labelsthis the “ecological”
mechanisnof joint visual attention sinceit is the natureof the ervironmentitself thatcompleteghe action.It is
not until 12 monthsthatthe child will reliably attendto the distal objectregardlesf its orderin the scanpath.
This “geometric” stageindicatesthatthe infantcansuccessfullydeterminenot only the angleof gazebut alsothe
vergence However, even at this stage,infantswill only exhibit gazefollowing if the distal objectis within their

eld of view. They will notturnto look behindthem,evenif the angleof gazefrom the caregiver would warrant

suchanaction.Around 18 months theinfantbeginsto entera “representationalstagein whichit will follow gaze
anglesoutsideits own eld of view, thatis, it somehav representshe angleof gazeandthe presencef objects
outsideits own view.
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Fig. 7. Proposedievelopmentalprogressiorof gazefollowing adaptedrom Butterworth (1991). At 6 months,infantsshav
sensitvity only to the sidethatthe caraiver is gazing.At 9 months,infantsshav a particularstratey of scanningalongthe
line of gazefor salientobjects.By oneyear the child canrecognizethe vergenceof the caraiver's eyesto localizethe distal
target, but will notorientif thatobjectis outsidethe eld of view until 18 monthsof age.

Implementingthis progressiorfor a robotic systemprovidesa simplemeansof bootstrappindehaiors. The
capabilitiesusedin detectingand maintainingeye contactcanbe extendedto provide a roughangleof gaze By
tracking alongthis angleof gaze,andwatchingfor objectsthat have salientcolor, intensity or motion, we can
mimic the ecologicalstrat@y. From an ecologicalmechanismwe canre ne the algorithmsfor determininggaze
andaddmechanisméor determiningvergence Oncetherobotandthe caragiver areattendingto the sameobiject,
therobotcanobsene boththe vergenceof its own eyes(to achieve a senseof distanceto the cargyiverandto the
target) andthe pupil locations(andthusthevergencef the caragiver'seyes.A roughgeometricstratgyy canthen
beimplementedandlaterre ned throughfeedbackrom thecarayiver. A representationatrateyy will requirethe
ability to maintaininformationon salientobjectsthatareoutsideof the eld of view includinginformationontheir
appearancdocation,size,andsalientproperties.

6.2 Extensionsof gazefollowing to deictic gestures

AlthoughBaron-Cohers modelfocuseson the socialaspect®f gaze(primarily sincethey arethe rst to develop
in children),thereareothergesturatuesthatsene assharechttentionmechanismsAfter gazefollowing, thenext
mostohviousis the developmentof imperatve anddeclaratve pointing.

Imperatie pointing is a gestureusedto obtainan objectthatis out of reachby pointing at that object. This
behaior is rst seenin humanchildrenat aboutnine monthsof age,andoccursin mary monkeys[11]. However,
thereis nothing particularto the infant's behaior thatis differentfrom a simple reach— the infantis initially
aslikely to performimperative pointing whenthe caregiver is attendingto the infant aswhenthe carayiver is
lookingin theotherdirectionor whenthecaregiveris notpresentThe caraiver'sinterpretatiorof infant's gesture
providesthe sharedmeaning.Over time, the infant learnswhenthe gestureis appropriate One canimaginethe
child learningthis behaior throughsimplereinforcementThereachingmotion of theinfantis interpretedoy the
adultasa requestfor a speci c object,which the adultthenacquiresand providesto the child. The acquisition
of the desiredobject senes as positive reinforcementfor the contextual settingthat precededhe reward (the
reachingactionin the presencef the attentive caragiver). Generatiorof this behaior is thena simpleextension
of aprimitive reachingbehaior.

Declaratie pointing is characterizedy an extendedarm andindex nger designedo draw attentionto a
distalobject.Unlike imperative pointing,it is not necessarilyarequestor anobject;childrenoftenusedeclaratve
pointing to draw attentionto objectsthat are clearly outsidetheir reach,suchasthe sunor an airplanepassing
overheadDeclaratve pointingalsoonly occursunderspeci ¢ socialconditions;childrendo not pointunlesghere
is someonédo obsenetheiraction.l proposehatimitationis acritical factorin theontogely of declaratvepointing.
This is an appealingspeculationfrom both an ontologicaland a phylogeneticstandpoint.From an ontological
perspectie,declaratve pointingbeginsto emegeat approximatelyl2 monthsin humaninfants,whichis alsothe
sametime that othercomplex imitative behaviors suchas pretendplay begin to emege. From the phylogenetic
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perspectie, declaratve pointing hasnot beenidenti ed in any non-humarprimate[33]. This alsocorrespond$o
the phylogery of imitation; no non-humarprimatehasever beendocumentedo displayimitative behaior under
generalconditions[21]. | proposethatthe child rst learnsto recognizethe declaratve pointing gesturesof the
adultandthenimitatesthosegesturedn orderto producedeclaratve pointing. Therecognitionof pointinggestures
builds uponthe competenciesf gazefollowing andimperative pointing; theinfrastructurefor extrapolationfrom
a body cueis alreadypresentfrom gazefollowing, it needonly be appliedto a nev domain.The generatiorof
declaratve pointing gesturesequiresthe samemotor capabilitiesasimperative pointing, but it mustbe utilizedin
speci ¢ socialcircumstanceBy imitating thesuccessfupointinggesture®f otherindividuals,thechild canlearn
to make useof similar gestures.

6.3 Extensionsof animate-inanimatedistinctions

The simple spatio-temporatriteria for distinguishinganimatefrom inanimatehasmary obvious aws. We are
currentlyattemptingo outline potentialextensiondor this model.Onenecessargxtensionis the consideratiorof
trackingover longertime scaleqonthe orderof tensof minutes)to allow processingf a morecontinuousobject
identity. This will alsoallow for processingo remove a subsewf repetitvely moving objectsthat are currently
incorrectlyclassi ed asanimate(suchaswould be causedy atreemoving in thewind).

A secondsetof extensionswould be to learnmore complex forms of causalstructuresfor physicalobjects,
suchasthe understandingf gravity andsupportrelationshipsThis developmentahdvancemay be stronglytied
to the objectconceptandthe physicallaws of spatialoccupang [20].

Finally, more comple< object propertiessuchas shapefeaturesand color shouldbe usedto add a level of
robustnesgo the multi-target tracking. Kalman Iters have beenusedto track complex featuresthat gradually
changeovertime [14].

7 Conclusion

While theoryof mind studieshave beenmorein the realmof philosophythanthe realmof robotics,the require-
mentsof humanoidroboticsfor building systemghat caninteractsociallywith peoplewill requireafocusonthe

issuesthat theory of mind researchhasaddressedBoth Baron-Coherand Leslie have provided modelsof how

morecomplex socialskills canbe developmentallyconstructedrom simplersensory-motoskill sets.While nei-

ther modelis exactly suitedfor a roboticimplementationthey do shav promisefor providing the basisof such
animplementationl have presenteaneinitial attemptat building a framework of theseprecursorgo a theoryof

mind, but certainlymuchmorework is required.However, the possibility of a roboticimplementatioralsoraises
the questionsf the useof suchanimplementatioras a tool for evaluatingthe predictve power and validity of

thosemodelsHaving animplementatiorof a developmentamodelonarobotwould allow detailedandcontrolled
manipulationsof the modelwhile maintainingthe sametestingenvironmentand methodologyusedon human
subjectsinternalmodel parametergould be varied systematicallyasthe effectsof differentervironmentalcon-

ditionson eachstepin developmentareevaluated Becausehe robotbringsthe modelinto the sameervironment
asa humansubject,similar evaluationcriteria can be used(whethersubjectve measurementsom obsenersor

guantitatve measurementsuchasreactiontime or accurag). Further a robotic modelcanalsobe subjectedo

controversialtestingthatis potentiallyhazardousgostly, or unethicalto conducton humansWhile this possibility
doesraisea hostof new questionsandissuesit is a possibilityworthy of furtherconsideration.
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