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Abstract

We proposea view of gazefollowing in which infants
actasBayesiarlearners activelyattemptingo identify the
opefating characteristicsof the systemswith which they
interact. e presentresultsof an experimentin which 28
infants (average age 10 months)interactedfor a 3 minute
periodwith a non-humanoidobot. For half theinfantsthe
robot simulatedcontingencystructuie typically produced
by humanbeings. In particular it provided causalinfor-
mation about the existenceof a line of regard. For the
other14infants,therobotbehavedn a mannermwhich was
not contingentwith the ernvironment.We foundthat a few
minutesof interaction with the contingentrobot was sufi-
cientto elicit statisticallydetectablegazefollowing. There
were clear signsthat someof theseinfants were actively
attemptingo identifywhetheror nottherobotwasrespon-
siveto them.We proposethat the infant brain is equipped
to learnandanalyzethe contingencystructure of real-time
socialinteractions. Contingencyis a fundamentapercep-
tual dimensiorusedby infantsto recaynizetheoperational
propertiesof humansandto geneilize existing behavios
to new social partners.

1 Intr oduction

By the end of the first year infants exhibit a variety
of behaviors thatreflecta rathersophisticatedinderstand-
ing of the operatingcharacteristicef otherhumanbeings.
Thesebehaviors, which includepointing, ritualizedreach-
ing, andfollowing the adult’s line of regard, revolutionize
the way infantsinteractwith their caregivers. Develop-
mentalpsychologisthave beenparticularly interestedon
theemepgenceof gazefollowing asa basicindicatorof our
capacityto shareattentionand learn aboutthe world by
meansof others. Scaifeand Bruner[9] werefirst to in-
vestigatethe developmentof gazefollowing in laboratory
conditions. Infantswere seatedin front of an adult that
interactedwith them. At predeterminedimesthe experi-
menterturnedhis head90 degreesleft or right andstayed
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therefor 7 seconds.A experimenterscoredwhetherdur-
ing the 7 secondperiodthe infantlooked in the direction
pointedby theadult'sfacewithoutintermediatdookselse-
where.They foundthat81 % of infantsof 8 monthsof age
or olderfollowedtheline of regardon atleastonetrial. In
contrastonly 36 % of the infantsbetween2-7 monthsof
agedid so. Moore [10] recentlyreviewed currentexperi-
mentsontheemegenceof gazefollowing andsummarized
themasfollows: Undersimplifiedconditionssomeexperi-
mentsshaow that3 montholdslook statisticallymoreoften
in the generaldirectionof a headturn whenthereare pe-
ripheraltargetsin thevisualfield. By 6 monthsthis beha-
ior appearseliably. By 9 monthsinfantsfollow headturns
evenif therearenovisible targets,but they arenot particu-
larly sensitve to eye direction. Sensitvity to eye direction,
notjustheadturns,is detectablataboutl18 monthsof age.
While theexperimentakvidenceis quitestable thethe-
oreticalinterpretationwary dramatically Oneexplanation
is thatinfantsfollow gazebecausehey wantto seewhat
other peopleare looking at. Accordingto this interpre-
tationinfantsknow thatpeoplecanseeandthey putthem-
selesin theperspectieof others.Thosewhofavor thisin-
terpretatiorpoint thatit describesvell why peoplefollow
gazeandthatthe knowledgerequiredto do sois unlikely
to be learned. The emepgenceof gazefollowing at about
9-monthsis explainedby the maturationof highly specific
knowledgemodules. Interestingly autistic children, who
begin following headturns much later than typically de-
velopinginfants,alsohave problemsputtingthemselesin
the perspecitie of others. In 1985 Baron-Cohenleslie,
andFrith [18] testedautisticchildrenandDown-Syndrome
children, on the now famous"“Sally-Ann” versionof the
“WimmerPernerfalsebelieftask: Thechild is shovntwo
dolls, onecalledSally, andonecalled Ann. Sally placesa
marblein a coveredbasletbasletandgoesout. While she
is out, herfriend Ann movesSally’s marblefrom the bas-
ket to her own box, thenshegoesout. Sally comesback
in andthe child is asled “Where will Sally look for her



marble?”. 16 out of 20 autisticchildrenwith mentalages
above4 yearssaidthatSallywill lookin thebox, wherethe
marblereallyis, andnotin thebaslet. 12/14childrenwith

Down Syndromeof lower mentalagesaidshewill lookin

thebaslet. Normally developingchildrenabout4 yearold

arealsoknown to succeedn this task.

However, somefeel thatsimplerexplanationsaboutthe
emegenceof gazefollowing arepossiblewhich do notre-
quire explicit knowledgethat otherpeoplecansee[2, 5].
Early forms of headturning can be explained as reflex-
ive shifts in visual orienting causedby the head move-
mentandfollowed by a captureof attentionby a periph-
eraltarget[10]. Themoreadvancedormsof gazefollow-
ing that appearabout9 monthsof age can be explained
by the factthatheadturningis a cueto the appearancef
interestingeventsin the directionof the turn, andinfants
progressiely learnto rely on that cue. Chimpanzeesire
actuallybelievedto follow gazeusingthis stratey [6, 7].
In factlearningexperimentsin which headturning of an
adultis pairedwith activation of atoy in the direction of
the turn producesignificantincreasein the gazefollow-
ing behavior of 8-9 monthold infants[23]. While we as
adultsbelieve thatotherpeopleseeandsometimesve turn
our headswith an explicit intentto seewhat otherpeople
arelooking at, it is unclearto what extent this knowledge
controlsthe realtime constraingequiredin socialinterac-
tions. Whena quarterbaclsuddenlyturnshis head defen-
sive playershave to rapidly reactto this cue and behae
accordingly Thereis not muchtime for thinking. It is
likely thatthe mechanismsesponsibldor learningthese
fast,real-timereactiongplay a crucialrole in the develop-
mentof socialinteractiondrom very earlyon. Ratherthan
high-level knowledgeaboutotherpeoples minds causing
the emegenceof gaze-follawing, it is possiblethat learn-
ing to follow gazein real-timeinteractiongrovidesafoun-
dationfrom which themoreexplicit (andslow) knowledge
aboutothersdevelops.In favor of this view is thefactthat
brainsof autisticindividuals very reliably exhibit severe
abnormalitiesn the cerebellumanorganknown to handle
real-timeinteractionswith the ervironment[4].

2 Contingencydetectionand social develop-
ment
Throughoutisresearcltareethesecondauthorof this
paperhas championeda view of infant developmentin
which contingeng detectionplaysa crucialrole. Accord-
ing to this view infantsare particularlygoodat analyzing
the real-time causaltexture of the world, and perceve it
in a mannemot unlike the way we perceve morphologi-
cal featuresof a face. Intuitively we canseethis form of
perceptioratwork whenwe recognizeanold friend by his
facialgesturesn responsdo us eventhoughhis facemay
be barely recognizabledue to facial hair, ageand weight

changes.Moderncomputeranimationoffers good oppor
tunitiesto seethis systemat work. In somecomputeran-
imatedmoviesthe characterareactuallydrivenby actual
humanbeingswhosefacial gestureandbody movements
aretracked in real time. In someoccasionsone hasthe
distinctimpressiorof recognizingthe actorbehinda com-
puter charactereven thoughthe characterhasvery little
physicalresemblancwith theactoranimatingit. Theview
of contingeng asa fundamentaperceptuapropertyorig-
inatedfrom anearlylearningexperimentconductedy the
secondauthorof this documen{24] in which 2-month-old
infantslearnedo kick theirlegsto activatea mobileabove
their cribs. After 4 daysof exposureto this controllable
mobile,infantsexhibited socialsmiles,positive affect,and
cooingwhenthe mobile waspresent.Thesesocialbeha-
iorsdid notappeaiin a controlgroupfor which themobile
movedin a non-contingentmanner Watsonproposedhat
contingeny wasa perceptuapropertyusedby infantsto
identify other humansandthatin factit was more pow-
erful than othermorphologicalpropertiesof humanfaces
(likethepresencef eyes).

Thereis someevidenceto supporttheideathatthein-
fants’ capacityto analyzecontingeny is quite sophisti-
catedand that it is usedto identify other humans. By
about4 monthsof ageinfantspreferto interactwith objects
whichareresponste but not perfectlycontrollable[16, 25]
suggestingat least qualitatively, a preferencefor levels
of responsienessypical of socialinteractions. Bigelow
[3] found that 4-5 month infants producedmore contin-
gentvocalizationand social responsesowards strangers
whichbestapproximatedhelevel of responsienesgound
in motherinfantinteraction. Strangerghatweremorere-
sponsve or lessresponsie thanmomwerelesspreferred.

3 BayesianSystemddentification

In statistics‘systemsidentification” refersto the prob-
lem of makinginferencesaboutthe structureof a system
by observinghow it responddo inputs[12]. The goalis
to form a model of the systemthat can be usedfor pre-
diction andcontrol. Suchmodelsarespecifiedin theform
of a parameterizedetof conditionalprobability distribu-
tions. Bayesianapproacheso systemidentificationem-
phasizethe use of prior knowledge,i.e. a prior proba-
bility distribution over the setof possiblesystemparam-
eters. Recentlythe first authorof this paperproposedan
active learningapproactor systemddentification.In this
approachthe learnerprobesthe systemwith thoseinputs
that are expectedto provide maximuminformationvalue
[14, 13]. Theapproachdescribedwvell how peopleidenti-
fied conceptghat other peoplewere thinking about. Fig-
ure 1 shawvs aninterestingexample. The goal of subjects
wasto identify which numberconcepta persorwasthink-
ing about. On thetrial displayedin this figure, they were



told that the numbers16, 23, 19, and 20 whererandom
examplesfrom thatconcept.Subjectscouldthenchosean
integerfrom 1 to 100andaskwhetherthatintegerbelonged
to the conceptthey where trying to identify. The fig-
ure shavs the Bayesianinformationvalu€e in bits of each
guestioncontinuoudine) andtheproportionof timessub-
jectsasked eachquestion(dots). Note how peopletended
to askquestionsvith highinformationvalue,asonewould
expectfrom active Bayesiarlearners.
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Figure 1: Examplefigure from Nelson, Tenenbaumand
Movellan(2001)studyon active Bayesiarlearning.

4 Bayesianfunctionalism

In this paperwe promotea view of infantsas active
Bayesianlearnerswhosegoal is to identify the operating
characteristic®f the objectsthey interactwith. We do so
in the spirit of what the first authorof this paperrecently
named‘Bayesianfunctionalism”[11] which s closelyre-
latedto theideasin therationalmovementn cognitive sci-
ence[15]. While structuralapproachesmphasizehe de-
velopmentof specificinformation processingnodelsthat
canexhibit obsered behaiors, in functionalanalysisthe
goalis to understandbsened behaiors by shaving that
they arereasonablsolutionsto specificproblems.Thefo-
cus hereis on specifyingthoseproblemsand on provid-
ing methodgo evaluatethe goodnessf theobsenedsolu-
tions. Bayesiartheoryis ausefulmathematicalramework
for formalizing this approach,thus the name“Bayesian
functionalism”.

5 Roboticsand Development
Robotspresentan ideal opportunityto study cognitive

andsocialdevelopmentn infants[21, 22, 2, 5]. It is pos-

sible to createrobotsthat do not look particularlyhuman

Linformationvalueof questionsvasexplicitly measuredn numberof
bits with respecto a modelof prior beliefsrecentlydevelopedby Tenen-
baum[1].

andto programthemto exhibit preciselycontrolledcontin-
geng structures.By observinghow infantsinteractwith

theserobotswe may gain an understandingf the strate-
giesthey useto identify theoperatingcharacteristicsf the
objectswith which they interact.

In this paperwe presentresultsfrom one of the first
studieson infant-robotinteractionwe are aware of. We
conductedhe experimentin 1986but dueto historicalrea-
sonsthework wasonly publishedasa shortabstrac{17].
Becausef therecentintereston the useof robotsto study
developmentwefelt it is importantto documentheexper
imentin more detail, including our views regardingwhat
theexperimenttells usaboutthedevelopmenf sharedht-
tention. The issuewe addressedn this experimentwas
whetherinfants’ sensitvity to the line of regard of oth-
ersmay beunderstoodisa systems identificationprocess
whichreliesprimarily on contingeng information,notjust
thepresence/absenoé specifichumanoidfeatures.

6 Methods

Participants: 28 infantsfrom a pool of volunteerfam-
ilies from the SanFranciscoBay Areawererandomlyas-
signedto oneof two groups.Theexperimentalgroupcon-
sistedof 7 femalesand 7 males(meanage=10.5months;
sd=1.0). The control group consistedof (6 females,8
males;meanage=10.6nonths,sd=0.9).

Procedure: Infantswere seatedon their mothers laps,
1.5 metersin front of a robot head(56 x 21 x 21 cm).

The motherswerewearingdark glassesandcould not see
therobot. Eachof the sidesof the robot's headwas dis-
tinguishedby an abstractpattern. In particularone of the
sides(which playedthe role of the robot’s face)wassym-
metricwhile theotherswerenot (SeeFigure2). Ninety de-
greedeft andright of therobotthereweretwo smallboxes
(9 x 9 x 3 cm) eachof which hadasmallloud-speakrand
acoloredlight. An IBM PCJr. with 64KB of memorycon-
trolled thebehavior of therobotandof thesideboxesvia a
serialportinterface.The computercouldrotatetherobot’s
headto “face”right or left, flashlights on its surface,or

malke sounds. It could alsocontrol the soundsandlights
producedby the sideboxes. The behaior of the system
was programmedusing a MSBasicinterpreter The first

authorof this documentactedasa “sensor’informing the
robot, via a joystick, that the infant had producedan in-

terestingbehavior (vocalizationsor suddenmovementsof

armsor legs). Otherthanthis, the systemwasfully auto-
matic.

IndependentVariable: Fortheinfantsin theexperimen-
tal grouptherobotwasprogrammedo respondo theenvi-

ronmentin amannerthatsimulatedthe contingeng prop-
erties of humanbeings: The robot was only responsie



to visual eventsin front of one of its sides;thesevisual
eventsincludedbehaiors from the infant and flashesof
lights producedy theboxto theright sideof therobot. In
additionwhenobjectsin the ervironment(the infantand
the box at the left side of the robot) producedinteresting
sounds,the robot’s headrotatedto "face” thoseobjects.
Thus this robot provided information that while it could
respondto soundsfrom objectsarbitrarily locatedin the
room, it could only respondo visual eventsfacingoneof
its sides.Eachinfantin the controlgroupwasmatchedo
aninfantin the experimentalgroupandwaspresentedhe
sametemporaldistribution of lights, soundsand turns of
the centralrobot as was experiencedby his/hermatched
participant.He/shealsorecevedthe samenumberof stim-
uli from the side boxesbut randomlydistributed over the
experimentalsession.Thusin the control groupthe robot
behasedin a mannerthatwasnot predictablefrom thein-
fant’s behavior or from the sideboxes. After 3.5 minutes
of the robot interactingwith the infant and with the box
locatedat its left, all infantsweretestedfor sensitvity to
directionalattention.Therewere4 testtrials eachof which
startedwith the robot producingintermittentlight flashes
andsoundsuntil theinfantfixatedit. Immediatelytherobot
turnedits "f ace”to onesidemaintainingit therefor 7 sec-
onds. In 2 of thetrials the robot’s headrotatedto facethe
box to its left, in the other 2 trials it rotatedto facethe
boxto its right. The orderof therotationswasrandomized
acrossparticipants.On testtrials the sideboxesproduced
no lights or sounds.
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Figure 2: Schematicof the headof the centerrobot and
sideboxes.

DependentVariables: The subjects’line of regardwas
codedas: looking towardsthe centerrobot, theright side
robot, theleft siderobot,or looking away (e.g. up, down).
Interactive behaviors (vocalizationsandsudderarmor leg

movementsvhile looking atary of thethreeobjects)were
also recorded. Reliabilities acrosstwo different coders
rangedromr = 0.78 tor = 0.9.

7 Results

Contingency detection: Therewasvery clearevidence
thatinfantsbehareddifferentlyin responséo thetwo con-
tingeng schedulesInfantsin the experimentalgroupex-

hibited about5 times more vocalizationsand suddenarm
or leg movementsduring the 3.5 minutetraining period (

ExperimentalGroup =10.33bpm, Control Group = 1.84
bpn?, p < .002, onetail).

Emergenceof shared attention: We found evidence
thattheinfantsweresensitve to the directionalproperties
of the robot’s behaior. First we measuredhe percent-
ageof timesthe subjectdookedto the left andright side
boxesvs anywhereelse. The sameresponseneasuradur-
ing training was usedas covariate. The experimentaland
control groupsweresignificantlydifferent( Looking rate:
Experimentagroup=6.38pm? , Controlgroup=3.23pm,
p < .005, onetail, PercentageExperimentalgroup=61.2
%, Controlgroup=38.24, p < .03, onetail ).

In additionwe assessethe proportionof testingtrials
in whichtheinfantslookedin thedirectionspecifiecby the
robotvs anywhereelse. Infantsin the experimentalgroup
looked proportionallymore in the direction specifiedby
the robot’s rotation (Experimentalgroup=32.29%, Con-
trol group=18.35%, p < .04, onetail*).

Finally, we alsofoundevidencethatinfantsfollowedthe
line of regardwhenthe robot turnedtowardsthe box that
hadnotbeenactive duringthetrainingperiod,i.e.,looking
to the box at the robot’s right sidewhenthe robot turned
towardsthat box (Experimentalgroup=1.8 I[pm, Control
group=0.6lpm, p < .03, onetail, usingtherateof looking
left duringthetraining phaseasa covariate).

Qualitati ve obsewations: Therewere two particularly
salientaspectof our experiencerunningthis experiment.
First, a significantnumberof infantsin the experimen-
tal groupseemedo greatlyenjoy the interactionwith the
robot, produceda large numberof vocalizations,social
smiles,andgave adistinctimpressiorthatthey weretreat-
ing the robot asif it were a corversationalpartner One
of the infantsin particularlaughedand “conversed”with
the robot so loudly that a staf memberenteredthe lab
worried that somethingwaswrong with this infant. Con-
trary to this, all the infantsin the control group appeared

2pmp= behaiors perminute.

3Imp=looksperminute.

4After residualanalysis[8] one control subjectandthe matchedex-
perimentakubjectweredeleted(studentizedesidual=3.97,Weisbeg's t
for residuals=6.53,p < .05).



ratherboredafter a few momentsof interactionwith the
robot. Second someinfantsrecognizedvhetherthe robot
was responsie to themvery quickly, in a matterof sec-
onds. Theseinfants shaved clear qualitative signs that
they wereactively assessinthe operationatharacteristics
of the robof. For example,infantswould spontaneously
vocalize. If suchvocalizationwas followed by a robot’s
responseinfantswould intensively look at the robot and
stopmoving andvocalizingfor a period of about10 sec-
onds,followedby anothewocalizationandan obsenation
period.As learningprogressethe obsenationperiodsbe-
cameshorterand shorter To provide a senseof the ac-
tive natureof the infant’s explorationwe put an example
video at http://mplabucsd.edufollowing links to demos
andinfant-robotinteraction. At the time, the first author
foundit difficult to reconcilethis behavior with the classic
views on conditioningandthe new associationiskearning
rules that were appearingin the connectionistiterature.
Only now, 16 yearsafter the experimentwas conducted,
we feel we have a goodformal framework to understand
thesebehaviors from the point of view of active Bayesian
systemddentification.

Figure 3: Exampleof infant following the robot’s line of
regard. Thereflectionof therobotthrougha mirror canbe
seeno theright of eachimage.

8 Discussion

Learning to interact efficiently with othersis, at its
roots, a systems-identificatioproblem,for which human
infantsaretypically well equipped.Our experimentsug-
geststhat by the end of thefirst yearinfantscanusecon-
tingeny informationto ascertainin a matterof seconds
whethera new objectis responsie to themandto identify
in a matterof minutesimportantgeneralaspect®f its op-
eratingcharacteristicgée.g.,thefactthatthey have aline of
regard).

Theseresultscastsomedoubton theoriesof gazefol-
lowing which explain its emegencevia specializedin-
natemodulesspecificallydesignedo track morphological
structureof the humanface[20]. Infantsappearperfectly

SWearecurrentlydevelopinga Bayesiarmodelof active samplingfor
this taskto asseshis point moreformally.

capableof following the line of regardof systemghatdo
not have eyes. We alsofound informal evidencethat in-

steadof slow associatielearners,10-monthold infantsbe-
have in amannereminiscenpf the new Bayesiarmodels
of active learningthat have beenrecentlyinvestigatecby

thefirst authorof this article[13, 14].

Inspired by our experiment, Johnson,Slaughterand
Caregy [19] conducteda study in which eighty-three12
monthold infantsfacedanactive object. After oneminute
of interactionwith theinfant, the objectturned45 degrees
left or right. Their experimentaldesignincludedthe pres-
enceor absencef humanoidfeaturesandthe presencef
absencef contingeng. Oneimportantdifferencebetween
our studyandtheirsis thatthey did not modeledthe robot
turning to the sideandfinding somethingnterestinghap-
peningthere.Their resultsreplicatedour mainfinding that
afew minutesof experiencewith a contingentobjectwith
no humanoidfeaturescould elicit gazefollowing. Their
interpretationof the resultswas perhapslessfriendly to
learningapproacheshanwe wish to be. In their view in-
fantsfollow theline of regardbecausehey areattributing
intentionsto the robot and contingeng happengo be a
marker for anearly concepbf “intentionalbeing”. Instead
we ratherthink of infantsasusingthe dimensionof con-
tingeng to generalizeappropriatebehaiors abouthow to
interactwith other objects. For examplebasedon inter-
actionwith humanbegins andotherobjects,unsupervised
learning algorithmscould createclustersof contingeng
structures. Prominentclusterwould likely include some
humanbeings,but the compositionof theseclustersmay
be impossibleto describewith words. For exampleone
suchclustermay include a subsetof humanbeings,ani-
malsandtoys, while excludingotherhumanbeings.When
a robot exhibits contingeng structurescharacteristiof a
cluster behaviors usedto interactwith membersof that
clustergeneralizeo therobot.

At aqualitatvelevel of analysigheinfantsin ourexper
imentappearedo have a rathersophisticategbrior knowl-
edgeaboutthespaceof possibilitiesfor theoperatingchar
acteristicoof therobot. While the resultsdo notinform us
abouthow this knowledgewas acquired,the rejection of
learningasplausibleexplanationis notunlike thedismissal
of mutationandnaturalselectiorasa plausibleexplanation
for evolution. Our main messagéereis thatcontingeny
structure,not just morphologicalstructureshouldplay a
critical rolein whicheverlearningalgorithmsareproposed.

Thinking of early social developmentas a problem of
real-timesystemsdentificationandcontrol,bringsabouta
changen prioritiesfor futureresearchCritical is thegath-
ering of databasesnd statisticalanalysisto characterize
the causalpropertiesof adult behaior in responseo in-
fants(includingtime constantsandcontingeng statistics).



Critical is thedevelopmenbf formal optimality modelsfor

systemddentificationand control of socialobjects. Criti-

cal is the study of the differenttrade-ofs involved when
endaving brainswith differentforms of prior knowledge.
Ideally afunctionalapproachmay help us understandyp-
ical and atypical developmentas alternatve solutionsto
thesedifferenttrade-ofs.
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