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ABSTRACT

Resarch relevant to the origins and ealy dewelopment of two functiondly
dissodable perceptual sydens is sunmarized. One system is corncerned with
theperceptual control andguidance of adions,the otherwith the peregionard
recmgnition of objeds ard evens. Pacepualy cortrolled adionsfunction in
red timeard aremodularly organized Infantspereivewherethey areand wha
they aredoing. By cortrast, reseach on objed recognition suggeds tha even
young infans repreentsomeof the defining feauresand physical corstraints
that speify theidenity andcortinuity of objeds. Diff erent factors cortribute
to developmental changes within the two systems; it is difficult to generlize
from oneregporsesydem to andher; and nether perception, adion, norrepre-
seration qudifies asontogenetically privileged. All three processes dewvelop
from birth asa function of intrinsic processing corstraints andexperience.
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INTRODUCTION

Recentfindings on the perceptual motor, and conceptualcompetencieof
younginfantschallenge long-helbeliefs abouearly developrant. According
to mostclassicaldevelopmerdl theories(Baldwin 1906,Bruner1973,Piaget
1952),newbornsareendowedvith only avery simplerepertoireof sensorime
tor behaviorsthat are graduallyintegratedand internalized.The capacityfor
representatioandconceptualizatiors presumedo emergdrom this develop
mental process.It is not clear, however,that this position is still tenable.
Indeed, thecapacity for representationmay be availableat birth or soon
thereafte(Carey& Gelmanl1991;Eimas1994;Leslie 1988;Karmiloff-Smith
1992;Mandler1988,1992;Mounoud1993;Spelke1994).

This new view requiresa reconceptualizationf the developmerdl rela
tionsamongperceptionaction,andrepresentatioMost modelsof perceptual
processinghow suggesthat different sensoryinputs convergeinto a unified
representatiothat precededoth thoughtandaction(Marr 1982,Ungerleider
& Mishkin 1982).This monolithic view of perceptionrsuggestthatassessing
whatis perceiveds independendf whetherthe responseneasurés basedon
an actionor a perceptuajudgment From a developnental perspectivethis
view impliesthat evidencefor representationf objectsshouldbe manifested
by thoughtandactionat the sameage.It is now apparenthowever that this
view is obsoleteThe paradigmat: casefor this assertion ishe conflicting and
contradictoryevidenceon object permanence. Most infants do not réachn
object hidden by an occluderuntil they are 8-9 monthsold (Butterworth
1982).This failure to recoverthe hiddenobjectis interpretedasevidencethat
infants do not think aboutobjectsthat are not perceptuallypresent(Piaget
1954). Nevertheless, infantsyasung as 3nonths old showevidencehatthey
representhe continuty andsolidity of objects—ateastwhenthetestof object
permanencelemandsothingmorethana visual fixation by the infant (Bail-
largeon1987,Diamond1991, Spelkeet al 1992).In orderto eliminat these
confusionsandcontradictonsin theliteraturewe mustadopta newframework
for understandindhe early perceptualmotor, and cognitive developmenbf
infants.

An intriguing possiblity is suggestedy Goodale& Milner (1992),who
proposethat the visual systemis divided into two functionally dissocable
pathways.Oneis concernedprimarily with the perceptuakontrol and guid-
anceof actions,the other primarily with the perceptionand recognition of
objectsandevents.This dichotomyresembleshe oneadvancegreviouslyby
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Ungerleider& Mishkin (1982)thatthe visual brain consistsof two systemsa
“what” anda “where” system It is neverthelesdlifferent,becaus¢he empha
sis is not on the input side of visual processingbut the output side or the
responseelicited by the visualinformation “What” vs “how,” not “what” vs
“where,” bestcaptures thigunctionaldissociaton.

This functionaldissociatio betweercontrolandrecognitionrepresentshe
departuregpoint for the currentreview. Although virtually all the evidencefor
this dissociaibn is basedon neurophysi@gical findings with monkeysand
neuropsychologial findings with humanadults,it is plausiblethatthis disse
ciation is presentearly in developmentgiven that the proposeddivision of
labor mapsonto different neuralpathwaysthat are all developingwithin the
first year(Johnsonl990).Onemay speculatahatthis functionaldissociatio
is notlimited tovisual processingbut extendgo other modalies as well.

A brief review of the processinglifferenceshetweerthesetwo perceptual
systemaswill clarify furtherwhy behavioramediatedby the perceptuatontrol
systemare functionally dissociablefrom behaviorsmediatedby the object
recognitionsystem.

1. Objectrecognitionincludesprocesseshat make contactwith informa
tion perceivedat someprior time and storedin somerepresentationaorm.
Successfutecognitiondepend®n both how thevisual scends parsedandon
therepresentationdbrmat of the storedinformation By contrastthe percep
tion and control of actions isdirected toward presentinformation and, if
anything,includesa prospectiveview toward informationin orderto offset
delays producely neurakransmisson and thenertiaof bodysegments.

2. The seconddifferenceis relatedto the first andinvolvesthe coordinate
systemfor perceivingobjects.Perceptiorof objectsinvolvesanallocentricor
world-basedcoordinatesystemsuchthat displacemerstare seenrelativeto a
stableor constantworld. By contrast,acting on an object requiresthat the
object be referencedegocentrically—ie. relative to the effector systemin-
volvedin theaction(Paillard 1991).

3. A third difference concerns tledingand preservatioof modality-spe
cific information. Objectsare typically specifiedby multimodal sourcesof
input, but the informationis storedin a modality-specificformat. This provi-
sion is necessaryo explainhow observers recognize specifieatures of
objects,suchasits color or pitch, aswell asthe covariationbetweernfeatures
specifiedboth within and betweenmodaliies. By contrast,perceptuainfor-
mationis representedby the actionsystemin an amodalformatcomprisedof
body-scalednformation. This format transformsall sensoryinputsinto the
appropriatemusclesynergiesnecessaryor producingcoordinatedactionsin
responseo local conditions. Itis thusnotessentiato representhemodalty of
the sensonyinput, becauséhe function of this information is the sameregard
less ofits source.
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4. The last processingdifference concernsthe role of awarenessn the
perceptionof informatian. Objectsthat arenot consciouslyprocessecdare
neitherrecognizednor storedfor future recall. Recognitionrequiresthat ob-
serverdirecttheir attentiontoward selectecbbjectsandknow whenthey are
perceivingthe relevantinformation. Conversely,information necessaryfor
detectingself-motionand controlling otheractionsoperateswithout any nec
essaryawarenesdy the observer.For example,patientswith brain lesions
who are unableto recognizeobjectsare neverthelessbleto reachfor these
objectsandto anticipatetheir size and shapecorrectly while reaching(Goo-
dale et all991,Weiskrantzetal 1974).

In the remaindeof this chapter, summarize recemesearchielevant tahe
developmentof thesetwo perceptualsystens, noting that different factors
contributeto developmeradl changesvithin thetwo systemsthatit is difficult
to generalizérom oneresponse system to anothemdthatneitherperception,
action, nor representatiorgualifies as ontogeneticayl privileged. All three
processeslevelopfrom birth asa function of intrinsic processingconstraing
and experience.

PERCERUAL CONTROLOFACTIONS

All spatially coordinatedbehaviors,such as visual tracking, reaching,and

sitting, require that perceptual informati@md action are coupled. Inthe

wordsof JamedsGibson(1979),“We mustperceivein orderto move,but we

mustalsomovein orderto perceive” (p223).Perceptuainformationrelevant
to theregulationof movenentsincludesspatio-tempral patterns obptic flow

atamovingeye,hapticpatternof joint, muscle andskin deformationsandso

on. All of this information changesn ways that are lawfully relatedto the

propertiesof the environmentandthe actionitself. For example reachingfor

an objectis guided by perceptualinformation that changesas the reachis

executedTheseperceptuachangesmodukbte the effectorsto insurethat the

reach is successfleannerodl994). Similarly, perceptualinformation is

necessaryo maintainposturalequilibrium, but againthe information changes
astheposturds adjusted irresponseo thatinformation (Howard1986).From

this perspectivet is arbitraryandmisleadingto conceptualizeperceptionand

action as independenprocesseslt is more parsimofious to view thesetwo

processess oppositepolesof a functional unit or action system along the

linessuggestethy Reed1982,1989).

NewbornActions Are Spatially Coordinated

When are perceptionand action first coupled?Until recently,the answerto
this question wadominatedby Piagets (1952)view of sensorimatr develop
ment.He assertedhat perceptionsaandactionsareinitially independenproc
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esseghat are coordinatedgraduallywith experienceThe implication of this
proposalis that the early behaviorof the neonatels essentiallyrandomand
insensitve to contextualinformation. Recentresearclsuggestghat somere-
thinking of this extremepositionis necessary.

During the pastdecaderesearcherhaveobservedhatnewborninfantsare
capableof performingmanyactionsthatareregulatedby perceptualnforma
tion. For examplenewborn infant®rientto sound (Cliftm et al1981, Muir &
Field 1979,Zelazoetal 1984),scandifferentlyin differentstimuus conditiors
(Haith 1980), visually track moving targets(Bloch & Carchon1992, Kre-
menitzer etl 1979), increasthefrequencyof hand-to-mouth contactsllow-
ing oral delivery of a sucrosesolution (Blasset al 1989, Rochatet al 1988),
and show handextensiongoward a visible moving object (Trevarthen1984,
von Hofsten 1982). Of course,thesebehaviorsare fragile and inconsistent
which explains why thewereoverlooked for quite sormtéme. Subtlechanges
in postureor stimulus parametersre often sufficientto disruptthesecoordk
natedbehaviorsFor example Roucouxet al (1983)haveshownthatneonates
sometines experiencedifficulty in tracking objectsvisually becauseof the
instability of their trunkswhich do not yetmove independentlof theirheads.

It thus appearsthat newbornsenter the world preparedto perceptually
regulate actionthatare essentiab the survivaland adaptation of theeonate.
An intriguing suggestionis that behaviorspracticedin the womb show an
advantaget birth (von Hofsten1993).For example proprioceptie guidance
of the handto the mouth is readily observedin neonategButterworth &
Hopkins 1988, Rochat et al 1988). Furthermore Butterworth & Hopkins
(1988)reportthatthe mouthis morelikely to remainopenduring arm move
mentswhenthehandgoesdirectly to the mouthratherthanfirst touchirg other
portionsof theface.Soonafterbirth, thisresponsés observednorefrequently
prior to feedingthan following feeding (Lew & Butterworth 1995). Taken
together,thesefindings suggestsignificant specificity in the coordinationof
hand andnouthat birth.

Theevidencefor the couplingof perceptiorandactionsat birth shouldnot
be miscorstruedas suggestig that thesesystemsarefully developedor that
newcouplings will notemergeContempaoary theoristsemphasizehatdevet
opment involesaconfluence ofactorsthat include neural anlomechanical
changesaswell asenvironnentalandtaskfactors(Newell 1986, Savelsbergh
& vanderKamp 1993, Thelen1995).Practiceand experiencewith a specific
action systemcontributeto its developmentSomeof the bestexamplesin-
volve behaviorgraditiorally viewedasmotor skills, suchas postureandgait
(Sveistrup &Woollacott1995,Thelen &Ulrich 1991).

Onereasonthat practiceand experienceare not sufficient to capturethe
processof developmentathangeis that the infant is also changingin body
proportionsand neuralconnectiviy. For example,Banks(1988) reportsthat
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the opticalcomponent®f the eyearestill growingatbirth, the photoreceptors
will matureandmigrateduring the first few months,andthe dendriticarbort
zationof the centralvisual pathwayswill continueto developfor sometime.
Thesechangesnform us that the resolution and projective structureof the
visual image will improve with developnent. Likewise, the perceptionof
spatiallayoutandof the relativedepthsanddistanceof objectswill improve
with developmen{Yonas& Owsley 1987).

It is perhapsevenmoreimportantto point out thatoculomobr functioning
will showsignificantimprovementuring early developnent. Saccadidocal
ization of stationaryand moving targetsinvolves a direct mappingbetween
retinal location and neuromuscudr stimulation of the relevanteye muscles.
Initially, this localization processs impreciseandinvolvesmultiple saccades
before theargetis foveated/Aslin & Salapatekl 975).No doubtsomeexperi
enceis necessaryo learnthe preciserelation betweerthe neuralpulsedura
tion andsaccadenagnitua necessaryor rotatingthe eyeto the correctposk
tion. It is still somewhatsurprisingthat the calibrationprocessrequiresover
four monthsto complete gspeciallywhenestimaessuggesthatinfantsmake
between3 million and6 million eyemovenentsby 3.5 monts of age(Haith
etal 1988).0Oneespeciallyintriguing hypothesisaboutthis lengthyprocesss
thatthe mappingof retinallocusonto an oculomotorcommands constrained
by the changingdistribution of photoreceptor theretina(Aslin 1988).1t is
thusnecessarfor theinfantto adaptcontinualy to this changingsensorimadr
relationduringearly development.

This lastexampleillustratesespeciallywell that actionsare spatially coor
dinatedfrom birth but becomebettertunedor coordinatedas a function of
neuraldevelopmentind experienceAlthough the processby which percep
tuomota behaviorsdevelopis rarely investgated,researcherfavebegunto
recognizethat motor skills arenot only productsof this developmentaproc
ess, buare intimagly involvedin theprocess itself.

ReciprocityBetwea Action andPerception

Perceptuatontrolof behaviordepend®nthe detectiorof therelevantpercep
tual informationaswell asthe functionalty of the actionsavailableto infants.
As simple actionssuch as visual tracking or sucking are practicedand re-
peatedthey becomebettercoordinatedand controlled,and perceptuainfor-
mationis detectedwith increasingspecificity. An excellentexampleof these
changesds revealedby researcton the minimum audibleanglenecessaryor
detectionof thedirectionof a soundsource. In this task infants asgpectedo
turn their headgto theright or left of midline if they arecapableof localizing
the sound(Ashmeadet al 1987, Morrongiello 1988). Ashmeadet al (1991)
summarizethe data from a numberof studiesto show that the minimum
detectabledifferencedecreasesapidly between8 and 24 weeksof ageand
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then continuesto decreasemore gradually through 80 weeksof age. It is
noteworthythatthe mostrapidimprovenentoccursduring andjust following
the timethatinfantsaredevelopingndependent control of their heg@ayley
1969).

The precedingexampleis an excellentillu strationof the reciprocity that
existsbetweeractionandperceptionin developmentAs newactionsbecome
available,new opportunties for exploring the fit betweenthe self and the
environmenemerggAdolph etal 1993a) Anotherexampleof this proposais
associatedvith the developmentof crawling or self-producedocomdion.
Perceptuabuidanceis necesaryto assuremovementwithout collisionson a
safe and sturdgurface of suppo(Gibson& Schmuckler 1989).

Bertenthal& Campa (1990) report that perceptuakensitiity to objects
andsurfaceschangessignificantly following someexperienceawith crawling.
For example,Camposet al (1992) report a seriesof studiesshowing that
precrawlinginfants showno evidenceof fear (asindexedby heartrateaccet
eration) when lowered onto the deepside of a visual cliff (simulating an
apparentdrop-off in height), whereas crawlingnfants show a significant
degreeof fear. Fearis also shownby precrawlinginfantsif they are given
sufficient experiencewith self-locomoion in baby-walkersApparently,such
experiencewith perceptuabuidanceof self-locomotiom changesnfants per
ceptualappreciatiorof anapparentliff. Precrawlinginfantsdo not showfear
of heightsnot becausthey cannoperceive depth (Yonas Owsley1987)but
because¢heydo notyetneedto coordinateheperceptiorof surfaceswith their
directionof heading.

Similar findings arereportedby Gibsonet al (1987),who testedcrawling
and newly walking infants ontheir mode of locomoton on two surfaces
varyingin rigidity (plywood vs waterbed)Infantscapableof uprightlocomo
tion differentially exploredthe two surfacesand choseto walk only on the
rigid surface.Crawling infants did not show different behavioron the two
surfaces.In more recentresearchAdolph et al (1993b) report that newly
walking infants, but not crawling infants, differentiatebetweeninclined and
declinedsurfacesy choosinga morestableposture suchassitting or crawk
ing backwards, when traversitige down-slopingsurface.

Anothercompeling exampleof the reciprocitybetweernperceptiorandthe
developmenbf newactionsis offeredby Bushnell& Boudreay1993).Adults
detect many different propertiesof objects,such as size,texture, weight,
hardnessand temperaturefrom haptic exploratiors (Lederman& Klatzky
1987).Someof theseproperties suchassizeandtemperaturedemandmini-
mal control of the handandfingers,whereastherproperties suchasweight
and shape requiremuch greatercontrol. Bushnell& Boudreaureviewedthe
agesat which infants first discriminate different object propertiesand con
cludedthatthe sequenceorrespondso developmentathangesn the control
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of the handandfingers. For example,infants detectsize within the first few
months,but texture temperatureandhardnessrenot detectecuntil aroundé
monthsof age,and weight and shapeare not detecteduntil evenlater. Al-
thoughtheevidenceor thisclaimis still incomplete, alternativénterpetatios
(e.g.thattheseobservationgesultfrom differential exposureto different ob-
ject propertiesare unlikely,giventhe ecologyof the infants environment

New perceptionsand new actionsare relatedthrougha dynamicprocess
involving the selectionof new behaviorsin responseéo new sourcesof vari-
ability in the organismandin the environmentBertenthalet al 1994,Manoel
& Connoly 1995;Thelen1989,1995).Considerthe coordinaton of thelimbs
during forward proneprogressionMost infantscrawl with theirabdomensn
the groundbeforecrawling on hands-and-knee€@ncethey developsufficient
strengthto supportthemseles on hands-and-kneethey briefly show many
different patternsof interlimb coordinationbeforeconvergingon a patternof
moving diagonally oppositelimbs simultaneously(Freedland& Bertenthal
1994). The selectionof this specific patternis a function of perceivingthe
optimal coordinativestructureto insurebalancewhile minimizing the expen
ditureof energy.

Another examplerelatedto the developmentof crawling experiencen-
volves the spatial coding of a hidden object. Numerousstudiesreport that
crawling infants showimproved localizationof objectsfollowing a displace
ment ofthe infantor theobject (Bremne& Bryant 1985Horobin& Acredolo
1986). Precravling infants tend to code the location of an object with a
body-centeredrame of referencepresumablybecausehis codingis initially
necessarnyfor successfulorientation tothe object. With theemergenceof
crawling,infantsshowa transitioml periodduringwhich theirresponsesary.
Eventually,they learnto updatetheir initial spatialcodingin responseo the
perceived displaceme(Bai & Bertenthall992).

Thelenandcolleague®ffer additioral exampleof howthedevelopnentof
new actions,suchasinfant stepping,emergefollowing periodsof increased
variability (Thelen& Ulrich 1991, Ulrich et al 1991). Overall, this research
suggestghat perceptuomotodevelopments an emergenprocessn which a
goal-directedrganismseeks stableutcomego specifictasks.

Perception Is Prospedive

Our actions, like thoseof all animals,are coupledto the spatiallayout and
demandperceptual guidancand contro(Lee 1993)In locomotbn, for exam

ple, we must make contactwith some surfacesvhile avoiding others. In
generaljt is necessaryo controlactionsprospectivelyandnot retrospectively
(i.e. following feedbackfrom the action)in orderto insuresmoothand safe
movement(von Hofsten1993). The inertia of the limbs andthe time lags of

neural conductiondemandsomeanticipationof future actions(Haith 1994,
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von Hofsten 1993). Information neededfor the specificationof upcomirg
eventsis availablein the optic andacousticarraysandis usedfor controlling
futureactions.As adults,we readily appreciatehe temporalcomponentn the
control of actions.For example we know thatit is necessaryo bein theright
placeat theright time to catcha ball, meeta person,or give a lecture.Recent
findingsin the literaturerevealsomeremarkableexamplesof future-oriented
behavior byinfants.

Oneof the earliest examples of prospective behaviseén in thelevelop
mentof smooh visual pursuitof moving targets.In orderto track an object
smoothy it is necessaryo anticipateits future position The programmirgy of
eye movemerd takestime. Shea& Aslin (1990) presentednfants with 2°
white squaresthat moved at a rangeof fixed velocities between3 and 12
degreegersecondTheyreportedthatthe pursuitsystemis clearlyfunctional
by 7 weeksf ageandsuggested thalowerspeedsindlargertargetscouldbe
detectedat youngerages.This suggestin is consisent with the findings of
otherinvestigators(Bloch & Carchonl992,Kremenitzeretal 1979,Roucoux
et al 1983), who report brief segmentf smooh pursuitin newbornsand
one-month-oldnfants. The succes®f pursuittrackingat suchyoungagesis
especiallyimpressiv whenit is recognizedhat eyemovemenrs mayalsohave
to compensatéor unrelatecheadmovementsin studieswherethe headwas
unrestrainedduring testing, young infants trackeda moving targetwith a
combination of headand eye movementgDaniel & Lee 1990, Regalet al
1983,Roucouxet al1983).

Anothereye movenent paradigmthat showsearly evidenceof future-or
entedbehavioris the visual expectatiorparadigmpioneerecoy Haith (1993):
Infants observesmall picturesthat alternatebetweenthe left andright of the
centerof the screen After afew repetitions 2- and3-month-oldinfantsbegin
to show anticipatoryfixations to the location of the appearancef the next
picture,evenwhenthe timing andlocationof the alternationpatternsdbecome
more complex (Canfield & Haith 1991, Wentworh & Haith 1992). It thus
appearghat evenvery young infants can learn quickly how to control the
locationof their fixationsin orderto explorethe changingpatternof informa
tion availablein theirvisualworld.

One of the mostremarkableexamplesof prospectivebehaviorby infants
involves their reachingfor moving objects.Von Hofsten (1983) studiedin-
fants reachingfor statimaryandmoving objectsandreportedthattheybegan
to contactobjectsin both conditionsat the sameage.By 18 weeksof age,
infantscould catchanobjectmoving at 30 cm/s,andby 8 monthsinfantscould
catchobjects moving at25cm/s. Inthis studyareachdid notcorrespondo a
simplereflex responseThe objectswere contactedht variouslocationsalong
their trajectory, and the aiming and timing errors were quite small These
observationsuggesthattheinfantswere sucessfullgontrollingtheir reaches
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by extrapolating fromthe trajectoriesof the objectsand modukting their
motor responsesThis moduktionis a complexprocessnvolving the percep
tion of both passiveand active forcesthat vary from one reachto the next
(Zernicke& Schneiderl993).In a relatedstudy,Robin et al (1995)observed
5- and 7.5-month-adl infants reachingfor a horizontaly moving object. In-
fantsusuallyreachwith their ipsilateral handfor a staticnary object(Perris&
Clifton 1988).In this study,infantsshiftedto reachingwith their contralateral
hand when the object was moving, which increasedthe time availableto
interceptthe target.Kinematicmeasuressuchasvelocity anddurationof arm
movementsconvergedwith thosereportedby von Hofstento suggestthat
infantsaimedtheir reachesn anticipatio of the future positionof the moving
object.

Prospectivebehaviorsare also evidencedvheninfantslearnto posturaly
compensatdor a loss of balance(Bertenthalet al 1995, von Hofsten1993),
lean toward objectsthat are out of reach(McKenzie et al 1993, Rochat&
Goubetl995,Yonas& Hartmanl1993),anticipatethe size,shapeandorienta
tion of objectsthat they are attemptirg to grasp(Lockmanet al 1984, von
Hofsten & Ronnqvis 1988), and guide their locomoton around obstacles
(Gibson& Schmucklerl989,Schmuckle& Gibson1989).0One interpretatio
of all of thesefindingsis thatinfantsbecomesuccessfubcrosstasksasthey
developthe capacityto representuture events.The problemwith this cogni
tive interpretationis thatit ignoresdevelopnental differencesattribuiable to
the coordinatia of differentmotorskills. A moreparsimoniaisinterpretation
is that the prospectivebehaviordisplayedby infantsis not contingenton a
centralrepresentatiotut ratheremergegiecemeafrom the specificexpert
encesthat infantsencounterthrough their actions. It ighus thedynamic
interplay betweenactionsand outcomeshat fostersthe developmentf pro-
spectivecontrol. As infantsexperiencanewtasksthatdemandyreatercontrol,
the precise tifimg of their actionswill improve.

Perception Is Multimodd

In mostsituatians, the perceptualnformation availablefor controlling actions
is multimodal. Consicer, for example,the control of postureduring inde-
pendentstance Postureis specifiedby proprioceptie, vestibulr, andvisual
flow information (Lishman& Lee 1973). Itis agoal-directed behavior, even if
it is not consciouslycontrolled (Howard 1986). The individual's goal is to
positiontheheadandbodyrelativeto gravity andthe surfaceof support When
a perturbationof this position is senseda posturalcompensatin is initiated.
One reasonthat this perceptuomotoresponses so successfulis that it is
specified bymultiple andredundant sensoigputs. Thisedundancyncreases
the likelihood of detectionby evenyoung infants who show rapid develop
mentof this perceptual-motoresponse.
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Much of theresearclton thedevelopmenbf posturalcontrol tests infants in
a “moving room.” In this paradigm,the infant sits or standson a stationary
floor while thewalls andceiling moveforward and backward. Thisovement
producesvisual informationcongruentwith the headmoving in the opposte
direction.If theopticalflow is perceivedasspecifyingself-motion(asopposed
to objectmotion),thentheinfantwill showa posturalcompensatiothatvaries
with age and experience (BertentlaRose1995).

Lee & Aronson(1974)werethefirst to showthatindependentlystandirg
infants compensateosturaly in a directionally appropriatemannerin re-
sponseo suchvisualflow information Otherssubsequety demonstratethat
opticalflow information restrictecto the peripherabportions of the visualfield
wassufficientto induceposturalcompensationéBertenthalk Bai 1989,Stof-
fregenet al 1987). Additional evidencefor the coupling betweenvision and
posturewas reportedby Butterworth& Hicks (1977) and Bertenthal& Bai
(1989),who showedthatinfantswho could sit independeny alsoresponded
with posturalcompensatinsof their trunk whentestedn the movingroom. It
appearghat an evenearlier form of this coupling is presentat birth. Jouen
(1990) reportedthat newborninfants show posturalcompensatins of their
headwhenstimulatedby an optical flow patternof blinking lights locatedin
the peripheryof the visuafield.

In the moving room paradigmposturalcompensationiareinducedby vis-
ual information but it would be misleadng to suggestthat the responses
controlledexclusivelyby visualinputs. Posturalswayis specifiedvisually by
opticalflow information, but it is alsospecifiedby moreproximal stimuation
from musclesjoints, andtheinnerear.Studiesnvolving mechanicaperturba
tions of a platform reveal that somatoensory and vestibdar systemsalso
induceposturalresponsegHirschfeld& Forrsbergl994,Woollacot & Sveis
trup 1994). Developmentalchangesin posturalcontrol involve learningto
regulatethe amountof force to compensatdor the perceiveddisplacement
Bertenthaktal (1995)studiedinfantsduringthe periodwhentheyarelearning
to sit without support.They reportthatthe compensatorjorcesnecessaryo
maintainposturalequilibrium becomemore preciselyscaledto the perceived
displacemenbf the trunk between5 and 9 montls of age.Performancem-
provesnot only becausecompensatorypostural responsesre more finely
modulated,but also becausehe perceiveddisplacementsre detectedmore
rapidly and precisely.

How do infantslearnthat different sourcesof sensoryinput areequivalent
and convergeon the samemotor response?f sensoryinformation is first
representeéh a modality-sgecific format, thenit would appeamecessaryor
infantsto learnthe relationsbetweendifferent sensoryinputs suchasvision
andtouch.Indeed,this form of learningto coordinatedifferent modalitiesis
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the bedrockof Piagets (1954)theoryof sensorimotodevelopmentYet cur
rent evidence suggegtstthis form of associatig learning isinnecessary.

An alternativeproposalis that all sensoryinputs relatedto self-produced
actionsare representdd a comma amodalformatthatmapsdirectly ontoan
appropriatepatternof muscleactivations(Lee 1993, Warren1990). Sucha
commonformatis thoughtto insure that all sources sensory informatinare
transformednto the samebody-scalednformationnecessaryor modulatirg
the motor response synergies invohedthe performancef coordinated
movementgBertenthal& Rose1995, Savelsbergl& van der Kamp 1993).
For example,when an individual detectsthat supportis perturbedi,it is not
importantto determinewhich sensoryinput channelspecifiedthis loss of
balance.The goal is simply to restoreequilibrium, andthis involves scaling
the compensatorprcesto the perceived displacement.

Anotherexampleof the equivalencef differentsensoryinputsfor controk
ling actionsinvolvesthe developmenbf reaching Historically, the prevailing
view hasbeenthatreachings initially visually guided(Bushnell1985,Piaget
1952, White et al 1964), but more recentstudies show that infants reach
readily and accuratelyin the dark for soundingaswell asluminousobjects
(Clifton etal 1991, Clifton etal 1994, Stacket al 1989).In onestudy(Clifton
etal 1993),infantsbetweent and25 weeksof ageweretestedongitudnally
to determinewhetherthey requiredsight of their handswhen beginningto
reachfor, contact,and graspobjects.Eachsessionincludedtrials of objects
presentedn the light andtrials of glowing and soundingobjectspresentedn
completedarknessTheresultsrevealedittl e variationasa functionof experi
mentalcondition Overall,infantsfirst contactedhe objectin both conditiors
atcomparablegeglight 12.3weeks;dark11.9weeks)andtheyfirst grasped
the objectin the light at 16.0 weeksandin the dark at 14.7 weeks.Infants
could not seetheir handsor armsin the dark;their early successn contacting
the glowing and soundingobjectsindicatesthat proprioceptie information
was sufficient to guide reaching.It thus appearsthat no single source of
sensornyinformation(e.g.visual, proprioceptivepr vestibular)is privilegedin
initially guidingactions.

Someof the mostdramaticevidencefor the amodalrepresentationf sen
sory inputsis revealedby studiesof neonatalimitation. Meltzoff & Moore
(1983,1989, 1994) and many others(seeAnisfeld 1991 for a review) have
shownconvincingy thatnewborninfantsimitate specificfacial gesturege.g.
mouthopening)produceddy anadultmodel.Suchgesturecannotbe visually
guided becaustey involve moverantsthat the infant cannsee—i.emove
ment of the infants own face. The correspondencéetweenthe perceived
facial gestureand action by the newborn suggeststhat visual information
concerningthe adults faceis perceivedamodallyin a format that mapsdi-
rectly onto the appropriatemuscle activation pattern®leltzoff & Moore
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1994).Currently,this claimremaingfairly controversiabecausé necessitates
the detectionof a correspondencieetweernthe visual perceptiorof the actions
of amodelandthe proprioceptiveperceptionof oneés own actions.No com
pleteexplanatiorfor this matchinghasyetbeenpresentedalthoughthe spatio-
temporalcodingof the models gesturesmay provide morespecificinforma
tion thanassumedby mostinvestigators (Bertentha Pinto 1993).

In sum, actionsare most often guided by multimodal information. This
redundancymay help to explainwhy the perceptionand control of adaptive
behaviors,such as reaching,sitting, and walking, developrapidly oncethe
necessarynusclesynergiesareavailable .Moreover,the availability of multi-
ple sourcesof informationfor modulatirg actionsin responseo local condr
tions increases thensistencystability, and flexibility of anyadaptivebehav
ior.

Perception Is ContextSpecific

Recenttheoreticaland empirical advancesn the study of motor control and
coordinationhighlight thatactionsarea productof multiple factorsincluding
physical, physiobgical, and energeticcomponentyFreedland& Bertenthal
1994,Goldfield 1993,Manoel& Connelly 1995, Thelen1995, Turvey 1990).
A principalimplication of this view is thatthe sameactionswill not necessar
ily be observedin different contexts.For example,Grenier(1981) reported
thatreachingmovemens by newbornsare muchbettercoordinatedvhenthe
headis stabilzed than when itis unsuppored. This finding isespecially
importantbecausdt emphasizeshat contextinvolves not only externalfac-
tors, but alsothe waysin which different body segmentsare configuredand
interact.Zernicke &Schneidef1993)show explicity that the forcesesponsi
ble for moving limb segmentare a function both of activeforces(produced
by musclecontractions)and of passiveforces(correspondingo gravity and
theinertial forcesfrom the othermoving body parts).Thus,it is apparenthat
thereexistmultiple constraintghatdeterminevhetheror not anactionwill be
performed ina specific context.

This contextuakpecificityis illu stratedby thefinding thatnewborninfants
performalternatingstep-like movemend whenhelduprightwith theirfeetona
supportsurface.Within a few montrs, thesemovemens disappearpresum
ably becausehey are inhibited by the developmenbf higher-levelcortical
structures(Zelazo 1984). Curiously, however,similar movements arstill
observedn babieslying on their stomachsr backs(Thelen& Fisher1982).
Thesefindingsmay beexplained by aimple biomechanical calculaticshow
ing that more energyis neededo lift aleg to full flexion while uprightthan
while supine.Although gravity is a constanforce in the environmentjt only
becomes constraintafter the newbornperiodwheninfantsbeginexperiene
ing rapid weightgainsthatdecreas¢he ratio of muscleto subcutaneoufat in
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thelegs.Experimentamanipubtionsthatchangedheweightof theleg or the
resistanceof the leg to flexion (e.g. submergingnfantsin torso-deepwater)
showedthatthe presencer absencef steppingwassystematicajl relatedto
the biomechanicatonstraintof the situation(Thelenetal 1984, Thelenet al
1987).This simulaton of developmentathangehighlightstheimportantcon
tribution of contextualariables.

Thedevelopmenbf reachingn differentposturess anotherexampleof the
contextspecificity of motor control. Coordimatedreachingis only possibg in
the contextof a stablebody posture(von Hofsten1993,Paillard1991).When
infantsincapable ositting without support(22—26weeks ofage)areplacedin
a fully supportedposture(e.g. supineor reclined), they tend to reachfor
objectswith both hands(Rochat& Sendersl991,Rochat1992).By contrast,
infantscapable of sittig withoutsupport(28—38 weeksf age)reachwith one
hand regardles®f their posture Theyoungerinfantsalsoreachwith onehand
whenplacedin a seatecposition, becausehey mustcompensatéor a loss of
balanceby recruitingthe otherhandto help stabilze themselvesn this posk
tion. Notethatin this caseinfantsshift to a differentresponsdecause the task
is different, not becausahey haveundergonea changein neuralor muscular
control. The selectionof a more stableresponsenducedby behaviorbecom
ing morevariable in anewsituaton or taskappearso represenbneof thefew
generalprocesse the developmenbf newactions(Freedlandt Bertenthal
1994,Manoel& Connoly 1995, Thelen1995).

Additionalevidencesuggestshatperception-actiocouplingsarerelatively
specificandthusdo not generalizeo similar actions.For example Rochat&
Senders(1991) report a progressionin hand-mouthcoordinationfrom bi-
manualaction organizedin mirror imagesymnetry toward an asymmetical
involvementof the hands.This sameprogressionis repeatedwhen infants
begin to visually explore objectsthat aregrasped, even though bimahu
reachingis lessflexible or functional. Likewise, visual control of a sitting
posturedoesnot generaliz€o visual control of a standingposture(Bertenthal
& Bai 1989,Woollacott& Sveistrupl994).It appearghatinfantsmustlearn
to modulateor control eachnew motor responseale novo, evenif the percep
tualinformation (e.gopticalflow specifyingself-motior) is readilyprocessed.

Thereis animportantmoralto this section.lt is misleadingandcontradie
tory to ascribea specific perceptualskill to an infant basedon one task.
Performancéas basedon multiple factors;seemingy insignificant variables,
suchas posturalstability or orientation,produceprofoundeffects.Moreover,
thepresencer absencef the skillin questionwill also dependnthespecific
motorresponseecessaryor performingthetask.For this reasonyesearchers
arewell advisednot to discusstheseperceptuabkills independenbf the task
or response assessédbetterapproach iso determinavhether theerceptual
informationis transformednto the appropriatenotorresponseynergiesand
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to specifyall the factorsthatcontributeto this processThis strategyshiftsthe
focus from assessingnsetof perceptualskills to understandinghow these
skills develop.

OBJECTPERCEHION AND RECOGNITION

The recognitionsystemis distinguishedfrom the perception-actiorsystem
primarily by the fact thatrecognitionis definedwith referenceo the past.If |
recognizea studentor a friend, for example,someimmedately perceived
information must matchsomepreviouslystoredinformation. Although thea
rists (Biederman1987, Marr 1982, Rock 1984) offer little consensu®n the
representationafformat of this information it is reasonablycertainthat the
storedinformation is not an exactcopy of the perceivedscene Logical and
functionalimperativesdictatethat storing all the availableinformationin the
scends neithernecessaryor usefulfor specifictasks.The ordinaryenviron
mentconsiss of a hierarchicalnestingof informationat multiple scalesang
ing from largeobjects, suclasmountansandtrees o very smallobjectssuch
as leavesand cells; it is rich in structureand consistsof places,surfaces,
layouts, people,animals, etc. From any point of observation,a plenum of
structuredinformationis available,including the textureand composiion of
individual surfacesthearrangementf thosesurfacesn thespatiallayout,and
the binding of someinto distinct objects.Whatis perceivedand recognized
depend®n theintenionsandgoalsof the observerThetaskof recognizinga
book s the sameregardles®f its orientatdn, position,or locationrelativeto
theobserverlt is thusunlikely thatinformation aboutthe spatialpropertiesof
the book will be storedfor purposesf book-recognitionbecausehesewill
changewith the position of the observerUnlike the perception-actioystem
which is viewer-centeredthe recognitionsystemencodesand storesthose
propertieghatareinvariantacrosamultiple perspectivaransformatnsof the
object.

In this section,we review evidencethatrecognitionbeginsat birth andthat
infantsareendowedwith perceptuatecodingprinciplesthat exploit someof
the mostimportant regularitiesin the physical world. (This discussio is
restrictedto the processingf visual information becausesuchinformationis
mostrelevantto the proposedunctionaldissociationthat guidesthis review.)
Theseprinciplesareinitially availablein implicit form and guide perception
by constrainingor privileging certaininterpretatons of the visual scene As
infants perceivethe sameinformation repeatedlythe storedrepresentations
derivedfrom theseexperiencedecomeincreasinglyrich andabstractEimas
1994).Perceptuadndconceptuaknowledgeblendtogetheiin this framework,
becausestoredrepresentationareaccessibldor both recognitionandreason
ing (Spelke 1994).



Annu. Rev. Psychol. 1996.47:431-459. Downloaded from arjournals.annualreviews.org
by University of Oklahoma on 08/17/05. For personal use only

446 BERTENTHAL

NewbornRecognitiorof Objects

Thetraditionalview is thatinfantsareendowedwith very simplecapacitiedo
look at objects—capacitiethat enablethemto perceivethe world piecemeal
via fleetingimages(e.g. Piaget1954). This view acknowledgeshat recogni
tion of somekind occursearlyin life, butit is of a kind linked to previousy
producedactionsand not to storedinformationaboutthe world. Sucha pro-
posalis generallyconsisent with the developmentf thosebehaviorsassoci
atedwith the aforementionegberception-actiosystem but it doesnot gener
alizeat all to the developmenbf the objectrecognitionsystem Nevertheless,
recent studieson object recognition reveal evidenceof very early repre
sentationpbeginnirg with recognitionmemoryin neonategSlateret al 1984,
1990a,b).

The habituaton paradigmis foundatiaal to the study of perceptuatecog
nition by infants (Bornsten 1985)andthusdeserves brief overview.In this
paradigminfantsare presentedvith a specificstimulus for a numberof trials
until their attenton declines.One reasonthat infants attentivenessleclines
over trials is presumablythat asthey developa storedrepresentatioof the
stimulus it becomedessinteresting. The encodingand storageof stimulus
informationaretestedby presentin@ novelstimulusfollowing somecriterion
decreasen responding. If thenfants declinein responsiveness occurred
becausehefirst stimulus becamdamiliar, thena novel stimulus shouldrein-
itiate responsivenessonversely the novel stimulus should not producean
increasein responsivenests the previousdeclinewas simply a function of
fatigue. Note that the sensitvity of this paradigmwith very younginfantsis
attributableto requiringonly very simpe responsesuch as visudlxation.

The finding that neonateshabituateto visual displaysis provocativebe
causeit confirms that they beginto store perceptuainformation from their
first encountersvith theworld. It is notnecessarilghe case however thatthis
informationis storedbeyondthe periodof the study.Recently,Rovee-Colier
(1995)introducedthe conceptof a “time window” to explainwhenandhow
new information would be integratedinto memory.In essencethis theory
predictsthatrepeatedncountersvith the same informatin over shorperiods
increase the likeliood oflong-termretentionof thatinformation.

Studies ofneonate's face recognition capabilitiessuggestthat the time
window is functionalfrom birth. Bushnellet al (1989) showedthat neonates
look longerat their mothers facesthanat strangersfaces,evenwhenolfac-
tory informationwascontrolledby maskingthe odor of the mother. Walton et
al (1992)reportedthatthis preferencevasalsoobservedvhenthefaceswere
videorecordedMore recently,Pascalistal (1995)replicatedthis finding but
showedthatthis preferencevasextinguishiedwhenwomenworeheadscarves.
Theauthors suggeshatneonatestorearepresentatioof their mothers faces
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in which the hairline andoutercontourplay a promirentrole. This finding is
consistentwith the evidencethat very young infants are biasedtoward the
percegion of low spatial frequendes, i.e. large-cale patern information
(Banks& Dannemiller1987). As the spatialresolutionof the visual system
improves, infantsespondmoreto theinternalfeaturesof theface(de Schonen
& Mathivet 1989 Morton & Johnsorl991).

Thesefindings convergeto show that infants begin to store frequently
repeatedperceptualinformation from birth. Presumablythis informationis
functionally significant and engageghe infants attention much more than
otherinformation available tahem.Although themotheris typically specified
by multimodalinformation,it is intriguing to find thatneonateshowrecogni
tion of modality-specific information. This finding is consisent with other
evidence thaperceptual informatin isstoredin a modaliy-specific formaby
the recognitionsystem(Bertenthal& Rose1995).Lessclearis the organiza
tion of the perceptualinformation storedby the neonate We addressghis
issuein thenext section.

Implicit Knowledge oDbjects

Beforevisualinformation is storedby infants,they mustbind and/orsegment
it into units likely to be perceivedwhen the sameinformation is presented
again.The complexity of mostvisual scenesnakesthis a formidabk taskfor
younginfants.Theinfants visualworld mayincludeawide variety of objects
rangingfrom blanketsandstuffedanimalsto people machinesandfurniture.
Most objectsarenot completelyvisible: Portionsareoccludedboundariesre
not alwaysdelineatedandthe projectivestructureof this information changes
continuousy asinfants and objectsmove. The first task for the infant is to
ascertainwhich surfacesand features irthe optic array compriseobjects
distinctfrom otherobjects.

Objectsegmentatin is readily accomplishedy adult observerswho or-
ganizethe visualscenebasedon perceptualgrouping principles, physical
knowledgeof objects,and pastexperiencgNeedham& Baillargeon1995).
Suchgroupingprinciplesapply acrosamanydifferentcontextsandsituations
Recentresearctsuggestghat evenyoung infants apply someof thesesame
processesvhen viewing the visual world. For example,Spelke& van de
Walle (1993) reporthat 3-month-old infantgerceivetwo objectsasdistinctif
theyareseparatedh depthor moveindependerty. By contrastyounginfants
do not perceiveboundariesbetweenobjectsthat are statiorary and adjacent,
evenif the objectsdiffer in color, texture, and form. It is suggestedhat
infants perceptionof the spatial layout follows two specific principles or
processingconstraints.In essencetheseprinciples assertthat surfacesare
perceivedas connectedf, andonly if, they movetogether(principle of con
tact) or lieon a singt object (principlef cohesion).
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Additional studiesrevealthat younginfants perceivethe unity of partially
occludedobjectswhenthe visible partsare seento move togetherin a rigid
fashion (hencefortheferredto as“rigid motion”) (Baillargeon 1987Craton&
Yonas1990,Kellmanetal 1986,Johnson% Nanez1995,Slateretal 1990b).
In an early study by Kellman & Spelke(1983), 4-month-ot infants were
repeatedlypresentedwvith a vertically orientedrod that moved horizontaly
backandforth behinda block thatoccluded theenter of the rodOnce infants
becaméhabituatedo this event,theywerepresentedan alternatingtrials with
two noveldisplays—a completegod andabroken rodconsising of two collin-
earsegmentsseparatedy a gapin the middle. Infants showeda significant
increasein visual attentionto the brokenrod but not to the completerod,
suggestinghatthey perceivedhe previouslypresentegartially occludedrod
as a unitary object. Later studiesrevealedthat any rigid translationof the
partially occludedrod enabled4-month-otl infants to perceivethe visible
portionsas unified (Kellman et al 1986); on the other hand, static grouping
principlessuchasgood continuation collinearity, and similarity of textureor
color were nosufficientto suggestinity (Kellman& Spelke 1983).

As infants grow older they beginto exploit additionalregularitiesof the
physicalworld in the procesf segmentingbjects.Needham& Baillargeon
(1995)reviewanumber ofrecentfindings showing thatnfantsby 8 monthsof
age employ featural properties,such as color and shape,and physical con
straints,suchas the impenetrabiyi of surfacesto help them interpret ambigu
ousarrangementef objectsin thevisualsceneTheirfindingsalsosuggesan
importantcaveatto interpretingage-relatecchangesn object segmentation
Wheninfantsweregivenprior experience wittthe objectghatwere displayed
during the experinent, thecorrect perceptualesponse washown at 4.5
monthsinsteadof at 8 montts of age.Apparently,objectsegmentatioproc
essesdnteractwith pastexperienceavheninfantsperceptuallyorganizea visual
scene.

Theinterplay betweeperceptuagroupingprocesseandpastexperiences
alsoillustratedby researchon infants perceptionof biological motions(Ber-
tenthal 1993). Thesemotions are depictedby points of light moving as if
attachedo the major joints and headof a personwalking. Adult observers,
who do not recognizestatic displays of such point-lights in any consistent
way, recognizethe moving point-lightsasdepictinga humarform in less than
0.5s (Johanssori973,Bertenthal& Pinto 1994). Three-andfive-month-ot
infants discriminae thesesamemoving point-light displaysfrom ones in
which the temporal patterningof the lights are perturbed(Bertenthalet al
1987, Proffitt & Bertenthal1990). It is conjecturedthat multiple processing
constraintsjncluding storedknowledgeof the humanform, contributeto the
interpretationof these point-jht displays(Bertenthal 1993Bertenthal &
Pinto 1994). This conjectureis supportedoy findings showingthat 5-month-
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old infants do not discriminate point-light displaysdepictingunfamiliar ob-
jects, suchas a four-leggedspider,from a perturbedversion (Bertenthal&
Pinto1993).

At ageneral level, thpoint-light display is simar to thepartially occluded
rod becausdoth depictunitary objectsthataremoreor lessoccluded Never
theless,an importantdifferencebetweenthe displays is that the visible seg
mentsof the rod moverigidly, whereasthe point-lights do not. The contact
principle proposeddy Spelke& vande Walle (1993; seeabove)exploitsthe
rigid motionsof spatially separatedurfaceso organizethe visual sceneln
the caseof biological motions, this principle will not suffice. Note that the
objectmotionsin thesetwo displayscorrespondo very different categoriesf
knowledge(i.e. physicalvs biological), suggestinghat different processing
principlesmay be associatedvith differentcoredomains(Leslie 1988,Carey
& Spelke1994).

One of the mostimportantreasonghat the precedingdecodingprinciples
appearso generalizablas thatthey mirror the physicalconstraintggoverning
an objects behavior(Spelkeet al 1992).A similar conclusionis reachedby
Shepard (1994) based bis researcton adult perception cdipparent motions
In the absenceof any physically presentednotion, the perceivedpath of an
apparenmotionis underspecifie@ndmustthereforereflectcertainorganizing
principles in the visual systei8hepardcontendghatthevisual systenselects
a particularmotion from amongthe infinite setof possiblemotionsaccording
to the constraintof kinematicgeometrywhich governthe relativanotionsof
rigid objects,or of local parts of nonrigid objects, during brief moments
Accordingto Shepardthesephysicalconstraintsepresensomeof the most
pervasivepropertiesaboutthe world thathaveenduredhroughat evolution;
thus, naturalselectionshouldhavefavoredgenesthat internalizedthesecon
straintsas processingrinciples.

Conputationalresearchinvestgatinginfants perceptionof structurefrom
motion offers someadditionalsupportfor the internalizaton of thosephysical
constraintsthat contribue to the perception obbjects. When perspective
informationis excludedfrom the display, a transforming2-dimensonal pro-
jectionof a3-dimensonalstimulus is underdetermined. i thusnecessarjor
observergo implementadditional processingconstraints suchas a rigidity
assumptio, in orderto extracta uniquestructurefrom the projection(Marr
1982).Arterberry& Yonas(1988)testedinfants perceptiorof structurefrom
motion by testirg themwith a 2-dimensionaprojectionof a spherdfilled with
arandomdistribution of elementsWhenviewedstatically, the 2-dimensioml
imageappearambiguousbut assoonasthe elementdeginto rotate,a rigid
form is perceived—asong asthe imageis interpretedasthe projectionof a
3-dimensioml rigid object.Arterberry& Yonasshowedthatinfantsasyoung
as4 monthsof ageperceive3-dimensonal forms from 2-dimensioml projec
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tionsthatchangeovertime. Similar findings arepresentedby Kellman (1984)
andKellman & Short(1987).Collectively, thesefindings suggesthatyoung
infantsaresensitiveto someof the sameprocessingonstraintsisedby adults
for perceiving3-dimensionabbjects.

Explicit Knowledge oDbjects

Theoreticalopinion is divided over whetherthe processingconstraing dis-
cussedaboveareinducedfrom early perceptuakxperience®r correspondo
innate cognitive representation®f the physical world (Baillargeon 1993,
1995; Karmiloff-Smith1992; Leslie 1988; Mandldr988,1992; Spelke 994).
In eithercaseanabstract representatiof some kindyuidesthe perceptiorof
objectsby 3 monthsof ageor younger Moreover,recentfindings suggesthat

these representations not omjyide perception but also provide an early

foundationfor reasoningabouttheworld. In otherwords,theseabstractepre
sentationsaboutthe motions of objectsare accessiblgo infants as explicit
knowledge(Baillargeon1993,1995; L eslie 1988;Spelke etl 1992).

Theprincipalevidencedor this knowledgederivesfrom occlusionstudiesn
which inferencesare required becausethe entire eventis not visible. For
example, Spdke et al (1992) tested 2.5-4.5-math-old infants reasoning
aboutthe continuity and solidity of objectsby habituatirg them to various
eventsln oneexperiment, amitially visible ball wasdroppedbehindascreen
and therthe screen was raiséalreveal théall on thefloor of the stage. After
infantsbecamehabituatedo this event,a brightly coloredsurfacewasadded
abovethe floor, the screenwasloweredto coverboth surfacesandthenthe
ball wasdroppedagain.On alternatingtrials the screenvasraisedto reveala
ball onthenewsurfaceor onthefloor of the stage Adult observerseasorthat
the former eventis (covertmanipulaton aside)impossille becauset would
requirethe ball to passthroughor jump over the uppersurface.Suchmove
mentswould violate boththecontinuty principleof objects(i.e. objectsfollow
one continuouspath over spaceand time) and the solidity principle (i.e. the
partsof distinct objectsmay nevercoincidein placeandtime). Apparently,
infants appreciatthese principleyecausehey paidconsiderably morgisual
attentionto theimpossible eventthanto the possibleevent. Additional expert
mentsby Spelkeetal (1992)andby Baillargeon(1993)convergeo showthat
young infants reasonaboutthe continuity and solidity of objectsinvolvedin
simplephysicalevents.

Certainotherphysicalconceptssuchasgravity andinertia, arenot under
stoodby infants until closeto the end of their first year (Spelkeet al 1992,
Spelkeetal 1994).Thisfinding highlightsanimportantdifferencebetweerthe
perception-adion system and the object-recognition system Reseach on
young infants reachingfor moving targets(reviewedabove)suggestshat
they areimplicitly sensitve to gravity andinertia by 5 to 6 monts of age;
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otherwiseit is difficult to imaginehow they could successfullyanticipatethe
future position of moving targets.This implicit knowledgeis not generaliz
able,however,becauset is encapsulateth the actionandis thusnot repre

sentedn aformataccessibldy the cognitive system By contrastknowledge
aboutgravity andinertiathatis representedby the object-recognitiorsystem
will generalize across situaiis oncet is storedas a representation.

The conclusiorthat young infants reas@foutphysical eventss contested
by sometheorists(e.g.Fischer& Biddell 1991,0akes& Cohenl995,Siegler
1993).In evalutirg this researchijt is important to distingush betweenthe
evidencefor infants reasoningand the conclusionthat theseresultsreflect
innatetheoriesof the physicalworld. The empirical evidencethat reasoning
occursis muchmoredefensiblehanthe evidenceor aninnatecoreof knowl-
edge,especiallybecausenoststudiesof infants physicalreasoningocuson
infants3 monthsold or older. Resoluion of this issuerequiresan explanatio
of how coreknowledge about the physical world (eabout thecontinuty and
solidity of objects)developsrom perceptualnformation (Spelke1994).This
is adauntingrequirementbut preliminary ideasare beginnig to appeain the
literature.

Baillargeon(1995) suggestshat the developnent of physicalknowledge
reflectsa highly constrainedearningmechanisnthat processeshe available
perceptual informatin. Regrettablythe details ofhis learning mechanism are
vague,althoughsomeof the predictionsare not. Baillargeonclaims that in-
fantsfirst learnto encodethe causalpropertiesof a physicalevent,suchasa
collision, ata very simplelevel andthenbeginto encodeboth qualitative and
guantitatve variablesaboutthe event.For examplea series of experimeniy
Kotovsky & Baillargeon (reviewedn Baillargeon1995) revealsthat 2.5-
month-old infants expecta stationaryobjectto be displacedwhen hit by a
moving object,but it is not until 5.5—6.5monthsof agethatinfantsrecognize
that a stationaryobject should be displacedfurther by a larger than by a
smallermoving object.It is conjecturedhatinfantswill beginto encodeother
variables,suchas mass,speedanddistance following additioral experience
with relevant event@Baillargeon1995).

ObjectRecognition Is Domain Specific

An importantimplication ofthe precedingheory isthatinfants knowledge of
physicaleventsdevelopspiecemeabndnot all at once.Someobjectproper

ties, suchassize,aremoreeasilydetectedhanothers,suchasmass andthus
conceptuaknowledgeof the physicalorld developggraduallyas itis tutored
by experience A relateddevelopmersl trend is that infants appearto use
spatio-tempmal informationto specifytheidentity of objectsprior to individu-

atingtheseobjectson the basisof featuralinformation (Cohen& Oakes1993,
Xu & Carey1995).Eventhoughinfantsaresensitiveby 6 to 7 monthsof age
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to launching events anather events involving spatio-tgmoral continuity
(Baillargeon1993, Leslie & Keeble1987,0akes1995),recentevidencesug
geststhat they do not detectthe individuaing propertiesof objectsin these
dynamiceventsuntil 10to 12 monthof age(Xu & Carey1995). Evidence for
this latter conclusionis somewhatsuspecthowever,becausenfantscanper
ceptuallycategorizecertainbasickinds of objectsby 3 monthsof age(Quinn
& Eimas1986).Perceptuatategorizatiomequireghatinfantsbothdistinguish
betweenand generalizeaboutobjectsbasedon specific features;thus, these
categorizationfindings suggestthat young infants do representidentifying
features of objects.

The apparentdiscrepancybetweenthe findings cited abovedmay be ex-
plainedby notingthatevidencdor perceptuatategorizatiorof objectsprior to
10 monthsof ageis restrictedorimarily to animateobjects,suchaspeopleand
animals(Eimas& Quinn1994, Eimas et d994, Quinn& Eimas1986, Quinn
et al 1993). By contrast,studiesinvestgating infants knowledgeof object
motions and causalinteractionsinvolve inanimateobjects,suchas carsand
blocks (e.g. Baillargeon 1995, Leslie 1988, Oakes& Cohen1995). Recent
neuropsychologial evidencesuggestghat adults representand perceptually
procesdiving andnonliving thingsdifferently (Farah 1992)ln generaljiving
thingsarerepresentediolistically whereasonliving thingsare representdaly
therelationsamongtheir parts.The origins of thesedifferencesnaybe present
early in developmenta possiblity that would help to explainthe finding of
different representatiorier animateandinanimateobjectsby infants.

Although sucha reconciliationbetweerfindings is somewhaspeculative,
it is certainly consistentwith recentproposalsthat conceptuaknowledgeis
presentearly and organizedby core principles of domain-specifi knowl-
edge—e.g. people, objects, numfeary& Spelkel994, Wellnan& Gelman
1992). One explanationfor early differencesthat emergebetweencore do-
mainsfollows from the proposalby Eimas(1994)that categoricaknowledge
emergedrom a progressiveabstractiorof the storedperceptuainformation
Presumably the perceptualpropertiesthat are initially encodedand stored
differ asafunctionof thetaskbeingperformedalongwith theseprocessesand
thusinitial knowledgeaboutpeopleandobjectswill differ becauseour early
interactionswith theseentitiesare so different.

CONCLUSIONS

The researchdiscussedn this review is noteworthyfor many reasonsput
threeare highlighted. First, recentfindings on newbornsrevealthat they are
considerablymorecompetenthanoncebelieved.Neonatesareendowedwith
much more than reflexesor fixed action patterns.Their actionsare goal di-
rectedand spatially coordinated eventhoughthey lack consistencyand are
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oftenobscureddy other factorssuch as posturélso, neonateshowrecogni

tion memoryfrom birth, andby 3 monts of ageinfantsreasonaboutevents
thatare perceptuallyoccluded During thefirst yearof life, theseactionsand
representationsecomemoreaccessiblendmoregeneralizablebut the clear
messagéom therecentresearchs thattherepresentationavailableto infants
arenotdirectly a functionof the coordinatiomnd internalizatin of actions.

Second,this review was organizedby the proposalthat perceptionand
action and objectrecognitionand representatiorare functionally dissocable
processeghatfollow differentdevelopmentalrajectories Althoughit is pre
matureto offer specific predictionsbasedon this proposal,it is possille to
offer a few generalizationggarding thelevelopmenof bothsystens.

The findings on the developmenbf perceptionandactionconcurwith the
earliercharacterizatiomf the perceptuatontrol systemasfunctioningin real
time with little explicit referenceto pastexperiencePerceptuallycontrolled
actionsaremodularly organizedandnot representeth a form thatis recalled
or usedto guidethe productionof otherresponsedt is sufficientthatinfants
perceivewheretheyareandwhattheyaredoing.All that matterds the present
fit betweenthe infant and the environment.Pastexperiencedoesof course
contributeto the developmentof thesesystemsin the form of perceptual
learning.With exploratio of their own actionsand the environmentjnfants
showincreasingsensitivty to perceptuachangesandfiner control of actions
that are guided by this information. In essencethen, learningis implicit or
proceduralijt is elicited by context,not by recall of explicit informationabout
how tocoordinatesensorimotobehaviors.

By contrast,researchon the developmenbf objectrecognitionconfirms
that evenyoung infants represendefining featuresand physical constraing
that specify the unity and boundednessf objects.It is significantthat these
defining properties suchasstructurefrom rigid motions,areinvariantacross
perspectivaransformatios. This invarianceincreaseshe likelihood that ob-
jects are recognizedin new orientations and contexts. The representations
necessanfor object recognitionare organizedas domain-specificconcepts
thataccumulatenew perceptuainformation over time. Perceptuaéxperience
is the principal engineby which representationfecomemore abstractand
differentiated Theserepresentationsot only guideperceptuaprocessingbut
alsoareavailablein explicit form to guideinfants reasoningaboutthe most
fundamentaand frequenthencounteregropertiesof their world.

The third and last conclusioemerging from this review concertise
generalizabilityof specificresearch findingdt is always advisabl& exercise
cautionwhen generalizingbetweendifferent contextsand measuregThelen
1995), and the currentreview offers new reasongor such caution.As dis-
cussedrepeatedlyin this review, competenciesnanifestedby one response
system,such as eye movementsare not necessarilymanifestedoy another
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system,such as reaching,at the sameage. An additional complicationbe-
comesevidentwhen inferring conceptualcompetenciese.g. object perma
nencefrom variousresponseneasureshecausehe developmenbf concep
tual knowledgeandsystemsaremediatecby dissociabé processethatfollow
independentlevelopmentatrajectories.Thus, the developmenbf a specific
responseneasureouldeasilylag behindor otherwisemnisrepresenthe devet

opmentof a specificconcept.

The proposedfunctional dissociaton betweenperceptuomotoand object
recognitionprocessess not meantto imply thatthesetwo processingystens
arecompletly independentClearly,thoughtandaction interact adome level,
anddevelopmentathangesn onesystemsurelyaffectthe other.An important
researchiask forthefutureis to investicatewhenandhow newrepresentations
and actiongre coordinateth theprocess of developemt.

Any Annual Revewchapter, aswell asany arti cle cited in an Annual Reviewchapter,
may be purchased fromthe Annual ReviewsPreprints and Reprints service.
1-800-347-8007, 415-259-5017, emai: arpr@class.org
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