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How visual perception develops has long been a centraéss sensations. Coherent, meaningful, visual reality
question in understanding psychological developmenemerges only through a pratted learning prass in
generally. During its emergence as a separate disciplinevhich visual sensations become associated with each
in the late 1800s, psychology was focused primarily orother and with touch and action (Berkeley, 1709/1963).
how human knowledge originates (e.g., Titchener, 1910; Through most of the twentieth century, even as psy-
Wundt, 1862), an emphasis inherited from concerns irchology increasingly emphasized findings of empirical
philosophy. Much of the focus was on the relation be-researh, this primarily philosophical view cast a long
tween sensation and perception, especially in visionshadow. Its influence was so great as to be essentially a
The prevailing view, inherited from generations of em-consensus view of development. William James (1890)
piricist philosophers (e.g., Berkeley, 1709/1963; Hobbesechoedits assumptions in his memorable pronouncement
1651/1974; Hume, 1758/1999; Locke, 1690/1971), washat the world of the newborn is a Oblooming, buzzing,
that at birth, a human being experiences only meaningconfusion.O0 Modern developmental psychology, shaped
greaty by Piaget, incorporated the same ideas. Although

Preparation of this chapter was supported in part by researdiiagét combined contributions of both maturation and
grarts RO1 EY13518-01 from the National Eye Institute andl€arning in his theories, his view of the starting points of
REC 0231826 from the National Science Foundation to PJKperception was standard empiricist (e.g., Piaget, 1952,
We thank Heidi Vanyo for helpful assistance. 1954). He did place greater emphasisagtion, rather
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110 Infant Visual Perception

than nere sensor associations, as the means by whichment. These serve as valuable reference points in under-
meaningful reality emerges from initially meaningless standing how recent researhas changed our concep-
sensations. tions of how perception begins.

This basic story about early perception and knowl-
edge perS|st.ed, m p{:\rt, becausg reSt.aarc.h.ers Iackelilhe Constructivist View
methods for investigating these topics scientifically. The
arguments oBerkeley andthers were primarily logical The termconstructivism here refers to the view that per-
ones. Claims about the origins of knowledge in the assaeptual reality must be constructed through extended
ciation of sensations initially came from theory andlearning. Choosing one term to label this idea is effi-
thought experiments. Latem few experiments with cient, but also unfortunate, as this set of ideas has many
adults were used to make inferences about aspects wames. In philogghy, this knd of account is most often
perception that might be based on learning (e.g., Wal€alled empiricism, emphasizing the role of input from
lach, 1976) or not so based (e.g., Gottschaldt, 1926xperience in forming perception. If, as is usually the
Finding a more direct window into perception andcase, associations among sensations are held to domi-
knowledge of a young infant seemed unlikely. As Riesennate perceptual development, the position may also be
(1947, p. 107) put it: O The study of innate visual organiaptly labeledussociationism. In the earliest days of psy-
zation in man is not open to direct observation in earlychology as an independent discipline, the merging of
infancy, since a young baby is too helpless to respondurrent and remembered sensations to achieve objects in
differentially to visual excitation.O the world was calledtructuralism (Titchener, 1910).

In the time since RiesenOs (1947) observation, the scHelmhdtz (1885/1925) is often credited with applying
entific landscape in this area has changed entirely. Althe labelconstructivism to the idea that sensations are
thowgh the development of visual perception is among thecombined with previously learned information using un-
most long-standing and fundamental concerns in theconscious inference to achieve perceptual reality. This
field, it is also an area that is conspicuous in terms of repedigree, along with PiagetOs later emphasis on inputs
cent and rapid progress. Beginning in the late 1950s, thefrom the learnerOs actions in constructing reality, make
door to progress has been the development of methods famonstructivism perhaps the best term to relcéerize
studying sensation, perception, and knowledge in humamodern versions of this view. Unfortunately, the term
infants. The results of scientific efforts, continuing to the has beenused elsewhere with differesthades of mean-
presnt, have changed our conceptions of how perceptioring. In considering issues in learning, developmental and
begins and develops. These changes, in turn, have genezeucational psychologists often contrast constructivism
ated important implications about the early foundations with associationism, where constructivism emphasizes
of cognitive, linguistic, and social development. the active contributions of the learner. Although a com-

In this chapter, we consider current knowledge ofmon thread extends through the uses of constructivism,
early visual perception and its development. Besides déts use here will be confined to the notion that percep-
scribing the origins and development of these perceptuaion is constructed from sensations and actions through
capabilities, we use them to illustrate gead themes: learning. Our primary concern in addressing perception
the several lewels of explanation required to understandis to consider, not particular modes of learning, but
perception; the roles of hardwired abilities, maturation,whether basic perceptual abilities are learned at all. For
and learning in perception; and some of the methodshis reason, and others, the verdict on constructivism in
thatallow assessment of early perception. These themesis domain may differ from the fates of constructivisms
all have broader relevance for cognitive and socialn other studies of development.
development. The constructivist account of how perception devel-

ops is familiar to many. The key assumption is that at

birth, sensory systems function to produce only their
THEORIES OF characteristic ensations. Stimulation of the visual sys-
PERCEPTUAL DEVELOPMENT tem yields sensations of brightness and color, along with

same quality (a Olocal signO) correlating with a position
As a backdrop for considering research in early visionpn the retina. Stimulation of the auditory system pro-
we describe two general theories of perceptual developduces loudnesses and pitches, and so on. Of course, per-



ceptual reality consists not of disembodied colors and
loudnesses, but of objects arranged in space, relations
among them, and events, characterized by motion and
change within that space. On the constructivist view of
perceptual development, all these commonplace occu-
pants of adult perceptual reality—any tangible, material
object existing in the external world and, indeed, the ex-
ternal spatial framework itself—are hard-won construc-
tions achieved by learning. What allows construction of
external reality is associative processes. Experiences of
visual sensations coupled with touch, according to
Berkeley (1709/1963), allow creation of the idea that
seen objects have substance. Connecting the muscular
sensations of reaching with visual sensations allows the
creation of depth and space. Sensations obtained from
one view of an object at a given time are associated by
contiguity in space and time, and by similarity. Sensa-
tions obtained a moment later from another view may
become associated with the previous ones. An object be-
comes a structure of associated sensations stored in
memory. In John Stuart Mill’s memorable formulation,
for the mind, an object consists of all the sensations it
might give us under various circumstances: An object is
“the permanent possibilities of sensation” (Mill, 1865).
For Piaget (1952, 1954), the account is similar, except
that voluntary actions, not just tactile and muscular sen-
sations, become associated, making objects consist ini-
tially of “sensorimotor” regularities.

How did this basic story of perceptual development
attain such preeminent status in philosophy and psychol-
ogy? The question is puzzling because the account was
not based on scientific study in any meaningful way. Just
to anticipate a different possibility, we might consider
the life of a mountain goat. Unlike a human baby, a
mountain goat is able to locomote soon after birth. Re-
markably, the newborn mountain goat appears to per-
ceive solid surfaces on which to walk and precipices to
avoid. When tested on a classic test apparatus for the
study of depth perception—the “visual cliff”—new-
born mountain goats unfailingly avoid the side with the
apparent drop-off (Walk & Gibson, 1961).

This example puts a fine point on the issue. Although
mountain goats appear innately able to perceive solidity
and depth, generations of philosophers and psycholo-
gists have argued that, as a matter of logic, humans must
be born helpless and must construct space, substance,
and objects through a long associative process. The
humble mountain goat, as well as many other species,
provides a stark contradiction to any logical argument

Theories of Perceptual Development 111

that perception must be learned. From an evolutionary
perspective, it might also be considered curious that hu-
mans have been so disadvantaged, beset with a frail and
complicated scheme for attaining what mountain goats
possess from birth.

The preceding questions are not meant to be critical
of generations of serious thinkers who have held the con-
structivist position. Asking these questions helps to
highlight what the issues were and how things have now
changed. The key fact is that the constructivist position
was embraced nearly universally because the arguments
for it were logical. If valid, these arguments admitted
few alternatives. We can better understand current views
if we briefly review these logical arguments, sometimes
described as the ambiguity argument and the capability
argument (Kellman & Arterberry, 1998).

The ambiguity argument traces to Berkeley and his
1709/1963 book Essay toward a New Theory of Vision.
Analyzing the projection of light onto the retina of a sin-
gle eye, Berkeley pointed out that while the projection
onto different retinal locations might carry information
into the image about the left-right and up-down relations
of objects in the world, there was no direct information
to indicate the distance to an object. A given retinal
image could be the product of an infinitely large set of
possible objects (or, more generally, scenes) in the
world. Because of this ambiguity, vision cannot provide
knowledge of the solid objects in the world or their
three-dimensional (3D) positions and relations. Since
vision is ambiguous, the seeming ability of adult per-
ceivers to see objects and space must derive from asso-
ciating visual sensations with extravisual sensations
(such as those involved in eye-muscle adjustments, and
with touch and locomotion).

The capability argument drew more on physiology
than philosophy. The history of progress in understand-
ing the nervous system reflects a progression from the
outside in. Long before much was known about the vi-
sual cortex of the brain, parts of the eye were somewhat
understood. Even in the nineteenth century, it was clear
that the retina contained numerous tiny receptors and
that information left the eye for the brain in a bundle of
fibers (the optic nerve). It is not surprising that reason-
ing about the capabilities of the visual system centered
on these known elements. Consider the world of a single
visual receptor, at some location on the retina. If it ab-
sorbs light, this receptor can signal its activation at that
point. Receiving only tiny points of light, the receptor
can know nothing of objects and spatial layout and, as
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Berkeley contended, certainly nothing about the thirdas a viable possibility, but as we will see, a perspective
dimension (depth). To understand the system in aggresompatible with much of the scientific evidence about
gate, one need only think of many receptors in many lohow perception develops.
cations, each capable of signaling locally activations We call ths view ecologicalbecause it connects per-
that the visual system encodes as brightness and coloceptual capabilities to information available in the world
Clusters of brightnesses and colors are not objects @f the perceiver. Crucial among this information are reg-
scenes; thus, perceiving objects and scenes requirefarities and constraints deeply connected to the basic
samething beyond sensations gmated by activity in  structure and operation of tiphysical world. These reg-
these receptors. ularities have existed across evolutionary time, and have
To make matters worse, it was understood as a logicahaped the ogration of perceptual mechanisms.
matter that such sensations existed not in the world but The emergence of ecological views of perception
in the mind. As Johannes Muller (1838/1965) hadand perceptual development owes most to the work
emphasized in his famous doctrinespkcifc nerve en- of Janes J. and Eleanor J. Gibson (E. Gibson, 1969;
ergies,whether one presses on the eyeball or whethel. Gibson, 1966, 1979). Earlier influences included the
retinal receptors absorb light, the mind experiencework of the physiologist Hering(186191864), who de-
brightness and color. Similarly, pressure or shock to theaibed theoperation of the two eyes in binocular depth
auditory system produces experiences of sound. It seempegrception as an integrated, and likely innate, system,
that sensory qualities are specific to the separatend the Gestalt psychologists (e.g., Koffka, 1935;
senses, regardless of the energy used to evoke them.Wertheimer, 1923/1958) who emphasized the impor-
the visual system can produce only its ownreleéeris-  tance of abstract form and pattern, rather than concrete
tic sensations, how can it be said to obtain knowledge afensory elements, in perception. Important strands of
the world? This is the capability argument: The visuall. GibsonOs theories of perception have since been ad-
system, as a system that gerates its own characteristic vanced in computational approaches to perception, es-
sensations, usually on stimulation by light, is not capapecially that of Marr (1982).
ble of directly revealing the objects, layout, and events Numerous facts lead natally to a consideration of
of the external world. ewmlogical ideas in perceptual development. Perhaps the
These powerful logical arguments have two consesimplest is the observation that some species exhibit ef-
guences. One is that the apparent direct contact th&tctively functioning perceptual systems from birth, as
we have through vision with a structured, meaningful,in the case of the mountain goat. Historically, however,
external world must be a developmental achievementthe issue that raised the curtain for contemporary views
acomplished through learning to infer the meanings ofis the nature ofnformationin perception (J. Gibson,
our sensations. The other consequence is that perceptued66, 1979).
knowledge in general must be an inference. Different In a certain sense, this is the logical starting point. If
versions of this theoretical foundation have cheter-  the condructivist view was deemed correct beause of
ized perception as inference, hypothesis, results of pasiogical limits on information received by the senses,
experience, and imagination. In HelmholtzOs classithen any alternative view would need to address the am-
statement: O Those objects are imagined to be in the fieliguity and capability arguments head-on. This is one
of view that have frequently given rise to similar sensaway of summarizing a several-decades-long effort led by
tions in the pastO (Helmholtz, 1885/1925). Lest ond. Gibson, foreshadowed in his 1950 bodke Percep-
think that this section has only historical significance, ittion of the Visual World,and emerging fully inThe
is not uncommon to enmunter precigly these same ar- Senses Considered as Perceptual Syst@i®66) andrlhe
guments today (e.g., Purves & Lotto, 2003). Ecological Approach to Visual Perceptiqi979). Ac-
cordingto Gibson, both the ambiguity and capability ar-
guments rest on misunderstandings of the information
The Ecological View available for perception.
Until recently, students of development have been |eslgcology and Ambiguity
familiar with an alternative to constructivist views of Ambiguity claims about vision ceated on anakis of
perceptual development. The view is important, not onlystatic retinal images given to a single eye. If these con-
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straints areadmitted, the analyses by Berkeley and oth+esearchers in perception and perceptual development
ers are correcEor any given retinal image, there are in- have been busy ever since exploring the computations
finitely many possible configurations in the world thatand mechanisms that extract higher order information.
could give rise to it. The problem with the analysis, how-

everZ is that thg inpqts tq human vision gre not restrictedl.he Contemporary Situation in Perceptual Theory

to single, static retinal images. As Hering (1861D1864)

had already noted, the two eyes sample the world frorRhilosophers, most cognitive scientists, and psycholo-
two distinct vantage points. This arrangement makegistsembrace the notion that, in a formal sense, percep-
possible direct information about the third dimensiontion has the character of an inference (specifically, an
(which lay at the heart of BerkeleyOs ambiguity conampliative inference, in which the conclusion is not
cerns). J. Gibson argued that another primary fact haduaranteedby the premises or data, Swoyer, 2003). As
been missed: Sophisticated visual systems are the propitual reality systems show us (and as dreams and hal-
erty of mobile organisms. Motion ah chame provide lucinations impressed Descartes and others), the per-
important information for perception. Although a single ceptual experience of 3D space and certain objects and
retinal image is ambiguous, the transformations oveeventsdoes not guarantee their objective existence.
time of the optic array as the perceivaovesare highly Sweharguments have been elaborated in detail (Fodor
specific to the arrangement of objects, space, ané& Pylyshyn, 1981; Ullman, 1980; but see Turvey, Shaw,
events. If one can assume that the world is not deforming Reed, 1981) to attack J. GibsonOs assertion that per-
contingent on the perceiverOs motion, this kind of inforception is OdirectO (it does not require infegpritper-
mation specifiesthe layout. Evolution may well have cepton is formally inferential, perhaps Berkeley and his
picked up on such sources of information, allowing perintellectual descendants were correct after all about how
ceptual systems to deliver meaningful information notperception must develop. Is there a paradox in holding
derived from learning. Whereas the mountain goat proan ecobgical view while admitting that perception has a
vides an existence proof of functional perception with-formally inferential character?

out learning, the analysis given by J. Gibson explained ResoVing this apparent paradox by separating the
how this might be possible. two issues is important to understanding perceptual de-
velopment. Perception has the formalmdwer of an in-
ference, but that does not imply that perception in
Ambiguity issues focus on the information in the world. humans must be learned, or that vision must be supple-
Corresponding to the arguments about information arenentedby touch or action. Perceptual inferences may be
revised ideas about the capabilities of a perceptual syxactly the kinds of things that have been built into per-
tem (J. Gibson, 1966). The description of inputs to vi-ceptual systems by evolution. Rock (e.g., 1984), a per-
sion in terms of brightness and color responses ateptual theorist wd stressed the inferential nature of
individual locations is inadequate. Further along in theperception, and Marr (1982), who put computational ap-
system are mechanisms sensitive to higher order relggroaches to perception on a clear footing, were among
tionships in stimulation. There were precedents to thishe earliest to articulate that perception could be both
view. Corresponding to Hering®s point about triangulanferentialandinnate.

tion (sampling from two positions) was his assessment The analyses by the Gibsons and later investigators
thatthe brain handled inputs to the two eyes as a systermfluenced the debate about perceptual development
detecting disparities between the two eyesO views hy altering conceptions of the information available for
perceive dept. Likewise, the Gestalt psychologists em-perception. For a moving, two-eyed observer with
phasized the contribution of brain mechanisms in proimechansms sensitive to stimulus relations, the ambigu-
cessing relations in the input. J. Gibson pointed out thé&ies envisioned by BerkeleyNmany different ordinary
importance of higher order information and suggestedcenes leading to the same retinal imageNdo not exist.
that perceptual systems are naturally attuned to pick ugror Berkeley, visual ambiguity is so expansive that vi-
such information. He did not deal much with nephvgs-  sion requires lots of outside help. For J. Gibson (1979),
iological or computational details, and he confusedvisual information specific to arrangements of scenes
some by s@ing that perceptual systems OresonateO to iand events is available, and humans possess perceptual
formation. GibsonOs views still evoke controversy, yemechanisms attuned to such information. In Marr

Ecology and Capability
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(1982) may be found a synthesis of the two extremesiatedand used by those in related fields. The particular
Visual ambiguity is intrinsic but can be handled by rela-topics reflect our areas of expertise and our views of
tively few, gerral constraints. The interpretation of areas that are rapidly advancing and in which important
optic flow patterns in terms of 3D spatial layout re-knowledgehas been gained. Some parts of this chapter
quires the assumption that the scene (or whatever pr@are modestly updated from the previous edition of the
vides images to the two eyes) is not changing contingeiandbook of Child PsychologyKellman & Banks,

on the observer®s movements. This assumption is rarel\@98), whereas others are new. In what follows, we first
if ever, violated in ordinary perception, although it isconsider basic visual sensitivities in the infant, includ-
exactly the assumption that is violated when an observeing acuity and contrast sensitivity, sensitivity to color,
dons the viewing goggles or helmet in a virtual realitypattern, and motion. We then consider spatial percep-
system. Many researchers have suggested that certation, object perception, and face perception.
assumptions (e.g., the lack of observer-contingent scene

changs or the movement of objects on CominuousBASlCVlSUAL SENSITIVITIES IN INFANCY
space-time paths) have come to be reflected in percep-

tuz;l machinery throuah evolutlon. (J. ”Glbson, 1966;The function of visual perception is to provide the per-
‘éo anslsggé.lsim' Kde lrgZZ’ 1993; Kellman & Arter- cever with information about the objects, events, and
erry, » >hepard, )- spatial layout in which he or she must think and act.

This possibility has far-reaching consequences WlthStar’[ingfromthis concern, the study of basic visual sen-

thepotentlgl to overturn aperS{stent anq d_om_lnant V'eWsitivity and the psychophysical methods used to study
of perception based on learning. Yet it is important

. o _ infantsO visual perception may seem arcane to the non-
to recognize that the mengossibility of innate percep-

) . - . specialist. Yet, all higher-level abilities to see the forms,
tual mechanisms (incorporating assumptions about the

) d deciel thei litv. Unlik ) sizes, textures, and positions of objects, as well as to
world) does r,]Ot ecel theirrea |.ty. ke mounta!n apprehend spatial relations of objects at rest and in mo-
goats, human infants are not mobile at birth, and until re-

) o tion, depend on basic visual capabilities to resolve infor-
cently, their pereptual abilities were mostly unknown.

our di i ; o q loaical vi fmation about spatial position. For this reason, the
urdiscussion o constructmgt and ecological VIews o development of spatial vision has been a topic of great
perceptual development culminates in the observatio

concern to those interested in infant perception.

thatthgiff?swer IS a matte: fot:.ﬁr.nplrlcal sr?lencg:f?ﬂore- We begin an examination of spatial vision by consid-
over, different perceptual abilities may have di erentering sensitivities to variation across changing locations

contributions from native endowments, maturation, andin the optic array. Two of the most basic dimensions of

learning. Resz_aarchers must W”t_e the story of each peréensitivity in describing spatial vision are visual acuity
ceptual capacity based on experimental evidence.

and contrast sensitivity. Our discussion of these basic

Th's conclusion sets.our agenda fgr the. rer_n_a'm,jeEapacities leads natally into an assessment of basic
of this chapter. We consider the emerging scientific pic-

] i pattern discrimination abilities. We then consider color

ture of d.evelopr.nenF for thg cr.umal comp.ohents of ws:ualviSion and motion perception.
perception. This picture indicates decisively that, al-
thoyghlgarning may b_e involved in calib_ration_and fine- Visual Acuity
tuning, visual perception depends heavily on inborn and
early maturing mechanisms. This picture has begun tAcuity is a vague term, meaning something like Opreci-
strongly influence views in other areas of developmentsion.O A particular variety of acuity is so often used to
as well as conceptions of the nature of perception. Mordescribe visual performance that the phrase Ovisual
unsettling is the failure to attend to the evidence on in-acuityO has become its common label. This type of acu-
fant perception in some recent trends in cognitive sciity is more technically known aminimum separable
ence and neuroscience. After considering the evidencaguity or grating acuity. Object recognition and identifi-
we return to these issues at chapterOs end. cation depend on the ability to encode differences

Our review of the field is necessarily selective. Aacrss positions in the retinal image in luminance or
goal of he present chapter is to place what has beespectral composition/isual acuitythus refers to the re-
learned about infant vision in a more geal historical sdving capacity of the visual systemNits ability to dis-
and philosophical context, so that it may be easily appretinguish fine details or differences in adjacent positions.
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Measuring this type of visual acuity by various means is 50
by far the most common way of assessing ocular health
and suitability for specific visual tasks, such aseogt-

ing cars or aircraft.

To assess acuity, high-contrast, black-and-white
patterns of various sizes are presented at a fixed dis-
tane. The smallest pattern or smallest critical pattern
element that can be reliably detected or identified is
taken as the threshold value and is usually expressed in
angular units. Many different acuity measures have
been used with adults, but only two have been widely 1-
used in developmental studies, grating acuity and
vernieracuity.

Grating acuitytasks require resolving the stripes in a
repetitive pattern of stripes. The finest resolvable grat-
ing is takenasthe measure of acuity and it is generally Figure 3.1 Visual acuity estimates at different ages. The
expressed in terms of spatial frequency, which is thehighest detectable spatial frequency of a high-contrast grating
number of stripes per degree of visual angle. Adult stimulus is plotted as a function of age. Circles: Visual evoked
grating acuity under optimal conditions is 45 to 60 cy- potential estimates. Squares: Optokinetic nystagmus (OKN)

. . A estimates. Triangles: Forced-choice preferential looking esti-
cles/degree, which corresponds to a stripe widthi & mates Sources: O Measurement of Visual Acuity from Pattern

A - '
4 minutes of arc (Olzak & Thomas, 1986). By optimal resersal Evoked Potentials,O by S. Sokol, 19%sion Re-
conditions, we mean that the stimulus is brightly illumi- searh, 18, pp. 33D40. Reprinted with permission; OMatura-
nated, high in contrast, presented for at léaseond, tion of Pattern Vision in Infants during the First 6 Months,0
and viewed foveally with a well-focused eye. Change inPy R. L. Fantz, J. M. Ordy, and M. S. Udelf, 196@urnd of

ary of these viewing parameters causes a reduction ifjomparative andhisiological Psychology, 55p. 9079917.
Reprinted with permission; OVisual Acuity Development in

grating f'izwty._ . . o o Human Infants up to 6 Months of Age,O by J. Allen, 1978, un-
Vernier uity is tested in tasks requiring discrimina- pyplished masterOs thesis, University of Washington, Seattle,

tion of positional displacement of one small target rela-WA. Reprinted with permission.

tive to amther. The most common variety involves

distinguishing whether a vertical line segment is dis-

placed to thdeft or right relative to a line segment just

below it. In adults, the just-noticeable offset under opti-trates two points. First, acuity is low at birth and devel-

mal conditions is 2 to 5 seconds of arc (Westheimerops steadily during the 1st year. Grating acuity during

1979). Because this distance is smaller than the diamehe neonatal period is so low that these infants could be

ter of a single photoreceptor in the human eye, this kindclassified as legally blind. Second, the acuity estimates

of performance has been calledyperacuity (Wes-  obtained with behavioral techniques such as FPL and

heimer, 1979). As with grating acuity, the lowest OKN aregenerally lower than those obtained using elec-

vernier acuity thresholds are obtained when the stimu-rophysiological techniges such as VEP. Grating acuity

lus is brightly illuminated, high in contrast, presented develops beyond the 1st year and reaches adult levels

for at least'd seond, and viewed fovaly with a well-  around 6 years of age (e.g., Skoczenski & Norcia, 2002).

focused eye. We discuss the optical, receptoral, and neural factors
Therehave been numerous measurements of gratinthat determine gratg acuity as a function of age in the

acuity (the highest detectable spatial frequency at higlsection on contrast sensitivity.

contrast) in human infants. Figure 3.1 plots grating acu- There hae been fewer measuremts ofvernier acu-

ity as a function of age for some representative studiefty; nonetheless, some intriguing observations have been

The displayed results were obtained using three rereported. Shimojo and colleagues (Shimojo, Birch,

sponse measurement techniques: Forced-choice prefddwiazda, & Held, 1984; Shimojo & Held, 1987) and

ential looking (FPL), optokinetic nystagmus (OKN), Manny and Klein (1984, 1985) used FPL to measure the

and the visual evoked potential (VEP). This figure illus-smallest offset infants could respond to at different
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ages. They found that vernier acuity was much poorerin  Adult contrast sensitivity and grating acuity are
8- to 20-week-old infants than in adults. The ratio of limited by optical, receptoral, and neural factors. Sensi-
adult vernier acuity divided by 8-week oldsO verniettivity is best with good lighting, foveal fixation, suffi-
acuity is significantly greater than the correspondingciently long stimulus duration, and a well-focused eye.
ratio for gratirg acuity. Asimilar finding has emerged Decreased illumination reduces both contrastsgtiv-
from VEP measurenmis of verner and grating acuity; ity and the high-frequency cutoff (van Nes & Bouman,
adult levels of hypracuity were not reached until 10 to 1967). Similar changes in contrast sensitivity occur
14 years of age (Skoczenski & Norcia, 2002). This sug-when the stimulus is imaged on the peripheral retina
gests that the visual mechanisms that limit vernier acu- (Barks, Sekuler, & Anderson, 1991) or the eye is not
ity undergo greater chge with age han cd the well focused (Green & Campbell, 1965). Understanding
mechanisms limiting grating acuity. Different hypothe- limitations on adult vision has been aided by modeling
ses have been offered concerning the differing growththe early stages of vision as a series of filtering stages.
rates (Banks & Bennett, 1988; Shimojo & Held, 1987; Visual stimuli pass sequentially through the eyeOs op-
Skoczenski & Norcia, 2002); howeverirdct empirical  tics, which are responsible for forming the retinal
tests areneeded. image; the photoreceptors, which sample and transduce
the image into neural signals; and two to four retinal
neurons, which transform and transmit those signals
into the optic nerve and eventually to the central visual
Contrast sensitivity refers to the ability to detect varia- pathways. In these early stages of visual processing,
tions in luminance. Most acuity testing is done at higlconsiderable information is lost. The high-frequency
contrast (e.g., black characters on a white backgroundalloff observed in the adult CSF is determined, by and
or gratings varying from white to black). Testing for large, by the filtering properties of the eyeOs optics and
contrast sensitivity involves finding the least ddrence the photoreceptors (Banks, Geisler, & Bennett, 1987;
between luminances that allows detection of structureRdli, 1990; Sekiguchi, Williams, & Brainard, 1993).
The contrast sensitivity function (CSF) represents th@he loss of high-frequency sensitivity with peripheral
visual systemOs sensitivity to sinusoidal gratings of variewing has been modeled successfully by examination
ious spatial frequencies. The CSF hasegahty as an of the optics, receptors, and retinal circuits of the pe-
index of visual sensitivity because any two-dimensionatipheral retina (Banks et al., 1991). The sensitivity loss
pattern can be represented by its spatial frequency cothat accompanies a reduction in illumination has also
tent and, consequently, one can use the CSF along witbeen modeled reasonably successfully, at least at high
linear systems analysis to predict visual sensitivity to aspatial frequencies (Banks et al., 1987; Pelli, 1990) as
wide range of spatial patterns (Banks & Salapatekhas the loss that accompanies errors in the eyeOs focus
1983; Cornsweet, 1970). Thus, measurements of cor{Green & Campbell, 1965). From the emerging under-
trast sensitivity as a function of age should allow thestanding ofthe optical, receptoral, and neural mecha-
predction of sensitivity to and even preference fornisms that determine contrast sensitivity in adults,
many visual stimuli (Banks & Ginsbhurg, 1985; Gayl, attempts have been made to use similar techniques to
Roberts, & Werner, 1983). understand the development of contrast sensitivity in
The adult CSF has a peak sensitivity at 3 to 5 cyhuman infants.
cles/degree, so the lowest detectable contrasts occur for Figure 3.2 displays an adult CSF measured using a
gratings of medium spatial frequency. At those spatialpsychophysical procedure, along with infant CSFs mea-
frequencies, the just-detectable grating has light stripesured using forced-choice preferential looking (Atkin-
that are only 0.5% brighter than the dark stripes. Atson, Braddick, & Moar, 1977; Banks & Salapatek, 1978)
progressively higher spatial frequencies, sensitivity fallsand the visual evoked potential (Norcia, Tyler, & Allen,
monotonically to the so-called high-frequency cutoff at1986; Pirchio, Spinelli, Fiorentini, & Maffei, 1978).
about 50 cycles/degree. This is the finest grating aifhese data illustrate two common observations. First,
adult can detect when the contrast is 100% and it corresontrast sensitivity (and grating acuity) in young infants
sponds to the personOs grating acuity. At low spatié substantially lower than that of adults, with the differ-
frequencies, sensitivity falls as well, although the steepence diminishing rapidly during the 1st year. Second, as
ness of this falloff is highly dependent on the conditionswe saw earlier in Figure 3.1, measurements with the vi-
of measurements. sual evoked potential typically yield higher sensitivity

Contrast Sensitivity
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1000 rapid increases in acuity suggesting that visual input is
necessary for visual functioning. Beyond knowing that
visual input is necessary, the specific causes, anatomi-
cd and physiological, of the striking functional deficits
LT *s.7, Adult CSF observedduring the first few months of life are still
b being debated. Some investigators have proposed that
D one can explain the low contrast sensitivity and grating
~~ _ 1-month VEP \ acuity of neonates as due to information losses caused
~N ‘

S Y by optical and retinal immaturities (Jacobs & Blake-

LmonhEPL more, 1985; Wilso.n3 1988, 1993); others have argued
\ \ that those immaturities are not the whole story (Banks
\ & Bennett, 1988; Banks & Crowell, 1993; Brown, Dob-
\ v son, & Maier, 1987).
: Development of the eye and retina are important fac-
1 T — . tors. Large ocular and retinal changes occur in develop-
0.1 1 10 100 ment and they have profound effects on the ability to see
Spatial Frequency (cycles/deg) spatial patterns. The eye grows significantly from birth
Figure 3.2 Adult and 1-month-old infant contrast sensitiv- to adolescence, with most growth occurring in the 1st
ity functions (CSFs). Contrast sensitivity is plotted as a funcy€ar. The disdnce from the ornea at the front of the
tion of spatial frequency (the numbers of grating cycles peeye to theretina at the bacis 16 to 17 mm at birth, 20
degree of visual angle). The upper dotted curve is an adutp 21 mm at 1 year, and 23 to 25 mm in adolescence and
CSF that was measured psyphgsically. The lower solid  5qulthood (Hrano, Yamaroto, Takayama, Sugata, &

curve s the average of 1-month CSFs, measured USInf\g/latsuo 1979; Larsen, 1971). Shorter eyes have smaller
forced-choice preferential looking. The middle dash curve is

the average of 1-month CSFs, measured using visual- evokJ@t'nal images. So, for example, a 1-degree target sub-
potential.Sources: Ofcuity and Contrast Sensitivity in 1-, 2-, tends about 200 microns on the newbornOs retina and

and 3-Month-Old Human Infants,0 by M. S. Banks and P300 microns on the adultOs (Banks & Bennett, 1988;
Salapatek, 1978nvestigative Ophthalmology and Visual Sci- Brown et al., 1987; Wilson, 1988). Thus, if newborns
ence, 17, pp. 361D365. Reprinted with permission and ODeya the retinae and visual brains of adults, one would
velopment of Contrast Sensitivity in the Human Infant,O by
A. M. Norcia, C. W. Tyler, and R. D. Hammer, 1990sion expecttheir visual acuity to be about two-thirds that of
Research, 30, pp. 1475D1486. adults simply because they have smaller retinal images
to work with.
Another ocular factor relevant to visual sensitivity is
the relative transparency of the ocular media. Two as-
(and acuity) estimates than do behavioral techniquegects of ocular media transmittance are known to change
(see Mayer & Adrendt, 2001 for a review). The timewith age: the optical density of the crystalline lens pig-
course differs depending on whether a behavioral orment and that of the macular pigment. In both cases,
electrophysiological technique is used. With evoked po-transmittance is slightly higher in the young eye, particu-
tential measurements, peak sensitivity approaches adularly at short wavelengths (Bone, Landrum, Fernandez, &
values by 6 months of age, whereas behavioral measurbtartinez, 1988; Werner, 1982). Thus, for a given amount
ments exhibit a slower developmental time course. Nobf incident light, the newbornOs eye actually transmits
illustrated is the systematic variability in the CSFslightly more to the photoreceptors than does the mature
acmoss infants (Peterzell, Werner, & Kaplan, 1995). Al-eye. This developmental ddrence oght to favor the
thowgh group functions are smooth in shape, individuahevborn compared with the adult, but only slightly.
functions are not. Theability of the eye to form a sharp retinal image is
What accounts for the development of acuity and conyet another relevanbcular factor. This ability is typi-
trast sensitivity? Infants who experience visual deprivacally quantified ly the opical trander function. There
tion early in life due to monocular or binocular qaizts  have been no measurements of the human neonateOs op-
show newborn levels of acuity once the cataract(s) argcal trandger function, but the qualityof the retinal
removed (Maurer & Lewis, 1999), despite being 1 to 9image almost certainly surpasses the resolution perfor-
months of age. Longitudinal follow-up, however, showsmance of the young visual system (Banks & Bennett,
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1988). Thus, it is commonly assumed that the opticalvisual signal (Banks & Bennett, 1988; Banks & Crowell,
transfer function of the young eye is adultlike (Banks 1993). They concluded that the adult foveal cone lattice
& Crowell, 1993; Wilson, 1988, 1993). Refctive er- is dramatically better at absorbing photons of light and
rors or accommodation errors diminish the sharpnessonverting them into visual signals. By their calcula-
of the retinal image and thereby decrease sensitivitytions, if identical patches of light were presented to new-
to high spatial frequencies (Green & Campbell, 1965).born and adult eyes, roughly 350 photons would be
Hyperopic and astigmatic redctive errors are com- effectively absorbed in adult foveal cones for every pho-
mon in infants (Banks, 1980a; Howland, 1982); they ton absorbed in newborn cones. Similar estimates were
tend not to accommodate agately until 12 weeks obtained by Wilson (1988, 1993). The newbornOs fovea
(Barks, 1980b; Braddick, Atkinson, French, & How- is less able to use light entering the eye than is the ma-
land, 1979; Haynes, White, & Held, 1965). Nonethe-turefovea.

less, it is widely believed that infantsOreaftive and The cones of the immature fovea are also more
acommodative errors do not constrain sensitivity or widely spaced than those of the adult (Banks & Bennett,
visual acuity significantly (Banks, 1980a, 1980b; 1988; Banks & Crowell, 1993; Wilson, 1988, 1993).
Braddick et al., 1979; Howland, 1982). Cone-to-cone separation in the center of the fovea is

If optical imperfections do not contribute signifi- about 2.3, 1.7, and 0.58 minutes of arc in neonates, 15-
cantly to the visual deficits observed in young in- month-olds, and adults, respectively. These dimensions
fants, receptoral and postreceptoral processes mughpose gohysical limit (the so-called Nyquist limit) on
do so. The retina and central visual system all exhibitthe highest spatial frequency that can be resolved with-
immaturities at birth (Banks & Salapatek, 1983; out distortion or aliasing (Williams, 1985). From the
Hendrickson, 1993; Hickey & Peduzzi, 1987; current estimates of cone spacing, the foveas of new-
Yuodelis & Hendrickson, 1986), but morphological borns, 15-month-olds, and adults should theoretically be
immaturities are evident in the fovea, particularly unable to resolve gratings with spatial frequencies above
among the photoreceptors. 15, 27, and 60 cycles/degree, respectively.

The development of the fovea is dramatic in the 1st Investigators have calculated the contrast sensitivity
year of life, but subtle morphological changes continueand visual acuity losses that ought to be observed if the
until at least 4 years of age (Yuodelis & Hendrickson,only difference between the spatial vision of newborns
1986). The fovea, defined as the part of the retina thaind adults were the eyeOs optics and the properties of the
contains no rods, is much larger at birth than in adult-foveal cones (Banks & Bennett, 1988; Banks & Crowell,
hood: Its diameter decreases from roughly 5.4 degrees 4993; Wilson, 1988, 1993). The expected losses are sub-
birth to 2.3 degrees at maturity. Moreover, the individualstartial: Contrast sensitivity to medium and high spatial
cells and their arrangements are very different at birtfrequencies is predicted to be as much as 20-fold lower in
thanthey will be later on. The newbornQOs fovea possessemonates than in adults. Nonetheless, the observed con-
threediscernible layers of neuronsNthe photoreceptors,trast sensitivity and grating acuity deficits in human
the neurons of the outer nuclear layer, and the retinalevborns are even larger than predicted (e.g., Skoczen-
ganglion cellsNwhereas the mature fovea contains onlyski & Aslin, 1995), so this analysis of information losses
one layer, which is composed of photoreceptors. Thén the optics and receptors implies that there are other
most dramatic histological differences, however, are theimmaturities, presumably among retinal neurons and
sizes and shapes of foveal cones. Neonatal cones hawentral visual circuits, that contribute to the observed
inner segments that are much broader and shorter. Thass of contrast sensitivity and grating acuity.
outer segments are distinctly immature, too, being much Another hypothesis concerning the contrast sensitiv-
shorter than their adult counterparts. These shape aiiy and visual acuity of young infants has beerfesked.
size differences render the newbornOs foveal cones ldBacause of the obvious immaturity of the fovea, perhaps
sensitive than those of the adult (Banks & Bennett,infants use another part of the retina to process points of
1988; Brown et al., 1987). interest in the visual scene. Cones in the parafoveal and

To estimate the efficiency of the neonateOs lattice gferipheal retina are reldvely more mature at birth
foveal cones, Banks and colleagues calculated the abilhan their foveal counterparts, but they, too, undergo
ity of the newbornOs cones to capture light in the inngrostnatal development (Hendrickson, 1993). The data,
segment, funnel it to the outer segment, and produce however, do not support this hypothesis: Young infantsO
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best acuity and contrast sensitivity is obtained with Directbehavioral tests of orientation sensitivity have
foveal stimulation. Lewis, Maurer, and Kay (1978) revealed evidence that it is innate. Slater, Morison, and
found that newborns could best detect a narrow light baSamers (1988) used habituation measures with high-
against a dark background when it was presented in ceneontrast striped patterns. They found dishabituation to
tral vision, and D. Allen, Tyler, and Norcia (1996) charged orientation in situations where other stimulus
showed that visual evoked potential (VEP) acuity andvariables (such as whether a particular screen position
contrastsensitivity is higher in central than in peripheral was black or white) could be ruled out. Their results
vision in 8- to 39-week-olds, by an average factor of 2.3.were confirmed by Atkinson, Hood, and Wattam-Bell
An important question that will be pursued vigor- (1988). Orientation sensitivity appears to be innate in
ously in future research is what factors not considered ihumans, although it improves in the early weeks of life.
the preceding analyses account for the unexplained por-
tion of the contrast sensit?vity aqd grat-ing.acuity losseSPattern Discrimination
There are numerous candidates including internal neural
noise (such as random addition of action potentials afssessing acuity and contrast sensitivity largely involve
central sites; Skoczenski & Norcia, 1998), inefficient comparing responses to something versus nothing. The
neural sampling, and poor motivation to respond. exquisite spatial resolution of vision, however, serves
functions beyond mere detection. Encoding and discrim-
inating patterns, surfaces, and objects are key tasks of
visual processing. Thus, describing pattern-processing
Sensitivity to orientation is an important foundation of capabilities in infant vision is important. But how can
much of higher level vision, such as perception of edgegattern-perception capabilities be assessed in a compre-
patterns, and objects. In monkeys, it is well establishetdensive way? As in studies of adult vision, linear systems
thatorientation sensitivity is innately present (Wiesel & theary from mathematics and signal processing is useful.
Hubel, 1974), and in cats orientation sensitivity also apAny distribution of luminance (light and dark) in an
pears soon after birth, with or without visual experienceimage can be described, using a 2D Fourier transform, as
(Hubel & Wiesel, 1963). Paradoxically, development ofa set of sinusoidally varying luminance components hav-
orientation sensitivity has been the topic of numerousng particular frequencies and amplitudes, in particular
learning simulations in recent years (Linsker, 1989; Ol-orientations. Because any image can be analyzed in this
shausen & Field, 1996; von der Malsburg, 1973). Thesway, the frequency components form an important char-
results suggest interesting relations between orientacterization of thepattern. If the spatial phase of each
tion-sensitive cortical units and the statistics of imagesomponent is also encoded, the pattern is completely de-
of natural scenes. Such studies are often interpreted asribed. Researchers have made progresactexizing
showing how the visual brain gets Owired up by experinfant pattern discrimination using linear systems con-
enceO after birth (e.g., Elman, Bates, Johnsomepts. This work has used tests of infantsO abilities to
Karmiloff-Smith, Parisi, & Plunkett, 1996). distinguish simple, suprathreshold patterns that vary in
Yet the evidence suggests that basic orientation senstontrastor in phase.
tivity in humans, as in monkeys and cats, is present at Sensitivity to contrast differences is typically mea-
birth. Some maturation of orientation processing wasured by presenting two sine-wave gratings of the same
suggested by visual evoked potential (VEP) studies bgpatial frequency and orientation but differing con-
Braddick, Atkinson, and Wattam-Bell (1986). Their re-trasts. In experiments with adults, a participant is asked
sults showed responses emerging at 2 to 3 weeks foo indicate the grating of higher contrast. The increment
slowly modulated orientation changes (3 reversalsin contrast required to make the discrimination varies
second) and responses at 5 to 6 weeks for more rapid ordepending on the common contrasts of the two stimuli;
entation changes. In an elegant analysis, these investigas the common contrast is increased, a successively
tors showed that the pace of these developments wédarger increment is required (Legge & Foley, 1980). Six-
maturational, in that preterm infants of the same gestao 12-week-old infants require much larger contrast in-
tional age showed patterns of development similar t@arements than adults when the common contrast is near
full-term infants. In other words, gestational age, notdetection threshold. At high common contrasts, how-
weeks of visual experience was crucial. ewer, infantsO discrimination thresholds resemble those

Orientation Sensiivity
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of adults (Brown, 1993; Stephens & Banks, 1987).tedchniquein which the contrasts of the constituent spa-
These findings suggest that infantsO ability to distintial frequencies from one pattern were combined with
guish spatial patterns on the basis of contrast differthe phases of the constituent frequencies from the other
ences is poor at low contrast and reasonably good at higlattern. The perceptual appearance of these hybrid pat-
contrast. Different explanatns for infantsO perfor- terns is most closely associated with the pattern from
mance in this task have been offered, but none has bewmich the phases rather than the contrasts came (Oppen-
confirmed by empirical observation (Brown, 1993; heim & Lim, 1981; Piotrowski & Campbell, 1982);
Stephens & Banks, 1987). stated another wayhe hybrid pattern that appears most
Studies have also addressed discrimination based dacelike is the one that contains the phases from the
spatial phase differences. Spatial phase refers to the ralriginal schematic face. Not surprisingly, 8-week-olds
ative position of the spatial frequency components (thereferredto fixate the hybrid that contained the phases
sine-wave gratings) of which the pattern is composedf the face and the contrasts of the lattice. NewbornsO
(Piotrowski & Campbell, 1982). Phase information is preferences, however, were for the hybrid that contained
crucial for the features and relations that are involved irthe phases of the lattice and the contrasts of the face.
object perception, such as edges, junctions, and shap®@ne interpretation of this finding is that newborns are
Altering phase information in a spatial pattern greatlyrelatively insensitive to spatial phase, but other interpre-
affects its appearance and perceived identitgdolts  tations have been suggested (e.g., Badcock, 1990).
(Oppenheim & Lim, 1981). In phase discrimination The observation that young infants seem relatively
tasks, the subject is asked to distinguish between twimsensitive to variations in spatial phase is extremely
patternsNusually gratingsNthat differ only in the important. If valid, it suggests that young infantsO ability
phase relationships among their spatial frequency conto discriminate spatial patterns has a significant defi-
ponents. Adults are able to distinguish patterns that difeiency that is at least qualitatively similar to the
fer only slightly in the phases of their components wherdeficiency observed in the peripheral visual field of nor-
the stimulus is presented to the fovea (Badcock, 1984jnal adults (Bennett & Banks, 1987; Rentschler &
The ability to discriminate phase can fall dramatically, Treutwein, 1985) and in the central visual field of am-
however, when the stimulus is presented in the periph-blyopic adults (Levi, Klein, & Aitsebaomo, 1985). In
eral visual field (Bennett & Banks, 1987; Rentschler & functional terms, infantsO processing of basic perceptual
Treutwein, 1985). properties of objects, such as unity, size, shape, texture,
Relatively little work has dectly addresseéhfantsO and so on depend implicitly on processing of phase in-
ability to use phase differences to discriminate spatialormation. To the extent that it is poor in the earliest
patterns. Braddick et al. (1986) presented periodic patveeks of life, these abilities will be limited. Conversely,
terns composed of different spatial frequency compodtests of certain of these perceptual abilities, to be dis-
nents. When the components were added in one phaseissed, indicate striking newborn perceptual competen-
relationship, the resultant was a square-wave grating (@es (e.g., for seeing object size and faces). One of the
repeating pattern of sharp-edged light and dark stripes)challenges of infant vision research is reconciling cer-
when the components were added in another phase, tten poor sensitivity to basic sensory properties, such as
resultant appeared to adults to be a very different, monghase, with evidence of higher order abilities, such as
complex pattern. Eight-week-olds were able to discrimi-face perception. The most likely resolution of the appar-
nate these patterns. Remarkably, however, 4-week-oldmt paradox is that infant sensory capacities for proper-
seemed mable to make the discrimination. ties such as phase and orientation are worse than adultsO
In a similar vein, Kleiner (1987) and Kleiner and but not completely lacking, even at birth (for further dis-
Banks (1987) examined visual preferences for patternsussion, see Kellman & Arterberry, 1998).
in which the phases of the constituent components were
altered. Kleiner a_nq collgague_s fOl_Jnd that newborns anq:olor Vision
8-week-olds exhibit reliable fixation preferences for a
schematic face over a rectangle lattice (Fantz & NevisThe termcolor refersto the component of visual experi-
1967). To examine the influence of spatial phase on fixence characterized by the psychological attributes of
ation preference, Kleiner used an image-processingrightness, hueandsaturation.Two of theseNhue and
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saturationNare chromatic attributes, and the otherN the relative activities of the three photoreceptor types to
brightnessNis actually an achromatic attribute. Hue isdistinguish different colors.
primarily correlated with the dominant wavelength of = The subsequent stages of the visual process must uti-
the gimulus whereas brightness is primarily correlated,lize the outputs of the different receptor types in a com-
but not isomorphic, with stimulus intensity. Saturation is plex way to produce the conscious experience of color.
correlated with the distribution of wavelengths in a stim- Psychophysical evidence from adult humans imgio-
ulus; stimuli with more broad band light mixed in are logical evidence from adult monkeys indicate that the
seen as less saturated. We refer to visual discriminationsignals of the three cone types undergo a major transfor-
on the basis of differences in hue or saturatiortla®-  mation in the retina. Signals from two or three kinds of
matic discriminationsand dscriminations on the basis of cones are combined additively to form achromatic chan-
differences in brightness amchromatic discriminations. nels (coding brightness primarily) and are combined

The functional importance of perceiving color hassubtractively to form two kinds of chromatic channels
been a matter of debate. Humans readily perceive olfeoding hue primarily). The sufatctive, chromatic
jects and events from nonchromatic displays, such ashamels (red/green and blue/yellow) have been called
those in black-and-white movies or television. Why, opponent processdsecause dferent wavelength bands
then, have we evolved elaborate color vision mechaewke different directons of neural response.
nisms? In ordinary seeing, chromatic information prob- Many of the characteristics of pbtoreceptors and
ably aids object segmentation and recognition. In casesubsequent neural stages were originally inferred from
in which an object and its background are equal oadult behavioral studies. Our discussion of color vision
nearly equal in luminance, the objectOs shape can lmnters on two questions:
perceived from chromatic differences. Chromatic infor-
mation can also help distinguish one version of an object. What hues are infants sensitive to and when?
(a red apple) from another (a green apple). Less well urg2. What mechanisms account for the development of
derstood, but important, are the obvious contributions cdor vision?
of color to our aesthetic experiences. o S

The human visual system has four types of photore(—)rlgllns of Hue Discrimination
ceptors, one type of rod and three types of cones. Th&/hen can infants discriminate stimuli on the basis of
cones are active under daylight viewing conditions anchue alone? Before 1975, a large number of behavioral
subserve color vision; rods are active under quite dim ilstudies attempted to answer this question, but they all
lumination. We consider only cones in our discussion ofailed to eliminate the possibility that infants were bas-
cador vision. ing their discriminations on brightness cues rather than

The three cone types are sensitive tdedént, but hue (or saturation) cues (Kessen, Haith, & Salapatek,
overlapping, bands of wavelength. The cone types ar&970). To demonstrate convincingly that infants can dis-
generally calledshort-wavdength-sensitive (S), medium- criminate on the basis of hue alone, researchers have
wavdength-sensitive (M)and long-wavelength-sensitive used two strategies to rule out brightness artifacts.
(L) cones. (We prefer this terminology to the terbtise, (Elsewhere, we describe in detail the importance and
green, and red cones because those terms imply thatdifficulty of separating hue from brightness responses;
each cone type is responsible for the perception of a pakellman & Arterberry, 1998; Kellman & Banks, 1997.)
ticular hue, and this is not the case.) Each type of pho- The methods involve presenting two stimuli differing
toreceptor responds in an untagged fashion; that is, onin hue (e.g., red and green) and looking for a systematic
response quantity, and nothing else, varies with changessponse (e.g.,iitctional eye movement, VEP, BPL)
in the incident light. The consequences of untagged reeo one as evidence for hue discrimination. One strategy
sponding are profound. The output of any single photorefor eliminating brightness artifacts involves using the
ceptor type can be driven to a given level by virtually spectral sensitivity function to match the brightnesses
ary wavelength of light simply by adjusting the lightOsof two stimuli to a first approximation and then by vary-
intensity. Thus, information about the wavelength of aing the luminances (a measure of stimulus intensity)
stimulus cannot be exacted from the oput of a single  of the stimuli unsystematically from trial to trial over
photoreceptor type. Instead the visual system must use wide-enough range to ensure that one is not always
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brighter than the other. Systematic responding by the inised a neutral-point test to examine 8-week-olds® color
fant to one of the two chromatic stimuli, across lumi-vision. They examined both white-on-white luminance
nances, can therefore not be attributed to discriminatiodiscrimination and discrimination of chromatic targets
on the basis of brightness. Using this strategy, Ostdirom white. The colors of the test targets and back-
(1975), and Schaller (1975) demonstrated hue discrimiground are represented in Figure 3.3, which is a chro-
nation in 8- and 12-week-old infants, respectively. maticity diagram. Eight-week-olds discriminated many
The second strategy for eliminating brightness cuesdors from white: red, orange, some greens, blue, and
was developed by Peeples and Teller (1975); subsesame purples; these colors are represented by the filled
guently, many others have used this strategy, so we ex-
plain it in some detail. They also used spectral sensitivity
data to match approximately the brightnesses of their
stimuli. They then varied luminance systematically
around the estimate of the brightness match. Several lu-
minances were presented, bridging a 0.8 log unit range in
small steps. Consequently, at least one of the luminance ¢ 7-
pairings must have been equivalent in brightness for each
of the infants. Peeples and Teller showed that 8-week-olds 0.6
could discriminate red from white for all luminance pair-
ings. They concluded that 8-week-olds make true hue dis-
criminations. Y
Thus, three reports in 1975, using féifent tech-
niques, provided the first convincing evidence that 8- to .34
16-week-olds can make chromatic discriminations.
Today, the story has been further refined: M and L cones 0.2
appear to function by 8 weeks of age and possibly as
early as 4 weeks (e.g., Bieber, Knoblauch, & Werner,
1998; Kelly, Borchert, & Teller, 1997); however, S cone
functionality does not appear to emerge until at least 3 to
4 months of age (e.g., Crognale, Kelly, Weiss, & Teller,
1998; Suttle, Banks, & Graf, 2002). At birth, infants mayrigyre 3.3 The stimuli used in neutral-point experiments.
have very limited color experience, and during the first 4raticipants in both experiments were 8-week-old infants.
months of life their world becomes increasingly filled The format of the figure is the CIE Chromaticity diagram,
with color. And by 4 months, infants have color prefer_which allows one to plot chromatic stimuli differing in hue

ences that mirror adults: Saturated colors (such as roya['d saturation. Saturated colarse repesented at the exte-
rior of the diagram, and unsaturated colors toward the mid-

blue) are preferred over less saturated colors (such . The right corner of the diagram (around 650) represents a

0.81

0.54

0.4+

0.1+

0.0

pale blue; Bornstein, 1975). hue of red, the top of the diagram represents a hue of bluish-
) . green (labeled 520) and the lower left corner represents a hue
Assessing Color Vision of violet (near 400). Each circular symbol represents a color

Three sorts of hue discriminationsNRayleigh, tritan, that was presented to infants in these two experiments. Open
symbols represent hues that all infants failed to discriminate

and neutral-pointNare partlculi’:\rly .Ir'lterestlng theoretl'_from white (W). Half-filled symbols represent hues that
cqlly, an_d res?arCh on lnfa.ntsO ability to make thesg diSsme, but not all, infants discriminated from white. Filled
criminations fills out the picture of early competenciessymbols represent hues that all infants reliably discriminated
and deficits. from white. Sources:OCbIO( Vision and Brightness Discrim-
Theneutrd-point testis based on the observation that ination in Human Infants,O by D. R. Peeples and D. Y. Teller,

: - . 975, Science, 189,pp. 1102D1103. Reprinted with permis-
coor-normal adults are able to distinguish all Sl:)e(:traii-ion and ODiscrimination of Chromatic from White Light by

(single wavelength) lights from white; that is, they do2-Month-OId Human Infants,O by D. Y. Teller, D. R. Peeples,

not exhibit a neutral point in such a comparison. Peepleghg M. Sekel, 1978,Vision Research, 18pp. 41m8.
and Teller (1975) and Teller, Peeples, and Sekel (1978eprinted with permission.
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symbols in the figure. Eight-week-olds did not discrimi- Twelve-week-olds were able to make Rayleigh discrimi-
nate yellow, yellow-green, one green, and some purplesations with 4- and 8-degree targets, but not 1- and 2-
from white; these are represented by the open symboldegree targets. D. Allen et al. (1988) and Clavadetscher
in the figure. Thus, 8-week-old infants seemed to exhibiet al. (1988) confirmed the Rayleigh discrimination
a neutral zone running from short wavelengths to yellowfinding. They reported that 3- to 4-week-olds could not
and green, resulting from deficient S cones (in colordistinguish a red target on a green background; 7- to 8-
parlance, they have tritanopia or tritanomalous trichroweek-olds could make this discrimination reliably.
macy; Teller et al., 1978). Later, Adams, Courage, and In sum, there is little evidence that the majority of in-
Mercer (1994) reported that the majority of newbornsfants 4 weeks of age or younger make hue discrimina-
wereable to discriminate broadband red from white andions with the exception of discriminating red from
the majority were unable to discriminate blue, greenwhite. The paucity of positive evidence is consistent
and yellow from white. These results are quite similar towith the hypothesis that human neonates are generally
the 8-week results reported by Teller et al. (1978). cdor deficient. By 4 months of age, infant color vision

A tritan testis designed to assess the function of Sabilities approximate adult abilities, although there con-
cones. By presenting two lights that activate M and Ltinue to be differences between infantsO and adultsO
cones equally, the test isolates the S cones. Varnechromatic profiles throughout the 1st year of life (Crog-
Cook, Schneck, McDonald, and Teller (1985) askechale et al., 1998). We now turn to the question of what
whether 4- to 8-week infants could distinguish two suchmechanism(s) underlie this development.
lights. Specifically, they msented violet targets in a o
green background. Eight-week-olds distinguished theHOW DoesEarly Color Vision Develop?
two lights at all luminances, so they do not appear tdwo explanations have been proposed to account for
have an S-cone deficiency. Four-week olds, on the otheroung infantsO hue discrimination failures. One possi-
hand, did not discriminate the two lights reliably, sug-bility is the absence or immaturity of different cone
gesting that they have an S-cone defect. D. Allen,types or immaturities among postreceptoral chromatic
Banks, and Schefrin (1988) and Clavadetscher, Brownghamels. Banks and Bennett (1988) have called this the
Ankrum, and Teller (1988) confirmed this finding: In chromatic deficiency hypothesisThere is, however,
their experiment, 3- to 4-week-olds could not distinguisharother possibility, raised initially by Banks and Ben-
a violet target on a green background, but 7- to 8-weekaett (1988) and elaborated by Brown (1990), Banks and
olds could. More recently, Teller, Brooks, and PalmerShamon (1993), Teller and Lindsey (1993), and D,
(1997) found that tritan stimuli did not drivérelction-  Allen, Banks, and Norcia (1993). Perhaps neonates
ally appropriate eye movements even at 16 weeks of aghave a full complement of functional cone types and the

Rayleigh discrimination testsnvolve distinguishing requisite neural machinery to preserve and compare
brightness-matched, long-wavelength lights such as rettheir signals, but osrall visual sensitivity is so poor
and green. They are diagnostically important becausé¢hat it does not allow them to demonstrate their chro-
adults with the most common color defectsNdeutera-matic capabilities. On this account, older infants may
nopia (lacking M cones) and protanopia (lacking Lexhibit reliable chromatic discrimination because of in-
cones)Nare unable to make such discriminations.creased visual sensitivity. In this context, visual sensi-
Hamer, Alexander, Teller (1982) and Packer, Hartmannmivity might include discrimination performance of a
and Teller (1984) examined the ability of 4-, 8-, and 12-visual system limited by optical and photoreceptor
week-olds to make Rayleigh discriminations. Either aproperties plus a gemal postreceptoral &s. This hy-
green or red target was presented at one of a variety gfothesis has been called thisual efficiency hypothesis
luminances on a yellow background. Most 8-week-old9gD. Allen et al., 1993) and theniform loss hypothesis
and essentially all 12-week-olds made these discriminatTeller & Lindsey, 1993).
tions reliably, providing clear evidence that most infants Thereis an interesting way to compare the chromatic
do not exhibit deutan or protan defects by 8 weeks oéfficiency and visual efficiency explanations experi-
age. In contrast, the majority of 4-week-olds did not ex-mentally. Consider measurements of hue discrimination
hibit the ability to make either discrimination. Packerthreshold (e.g., the chromatic contrast required to medi-
etal. (1984) also found a significant effect of target size.ate he discrimination of two lights of equal brightness
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but different waelength compositionsNthe Ochromatic stimuli, which has implications for the relative involve-
thresholdO) and a brightness discrimination thresholchent and development of the magnocelluar and parvo-
(e.g., the luminance contrast required to mediate the digdluar pathways, which are responsible for spatial and
crimination of two lights of the same wavelength com-temporal locations of chromatic changes and color iden-
position but different luminancesNthe Oluminancetity, respectively (e.g., Dobkins & Anderson, 2002;
thresholdO). The chromatic deficiency hypothesis preBobkins, Anderson, & Kelly, 2001; Dobkins, Lia, &
dicts that the ratio of minance threshold divided by Teller, 1997; Teller, 1998; Thomasson & Teller, 2000).
chromatc threshold will decrease with increasing age.
That is, Iuminance and Chromatig thresholds may bOt'}\/Iotion Perception
improve with age, but chromatic thresholds change
more. The visual efficiency or uniform loss hypothesisMoving and perceiving are deeply linked. Many of the
predicts that the ratio dfiminance threshold divided by most signifcant features of an environment to be per-
chromatic threshold is constant with age. That is, lumiceived are maing objects and the events in which they
nance and chromatic thresholds decrease at the sarmparticipate. Motion of the observer is also crucial, in
rates with increasing age because they are both limitetvo ways. To locomote safely through space requires
by a common factor such aserall visual sensitivity. thatour visual system be structured to deal with contin-
Banks and Bennett (1988) and Banks and Shannonoously changing views of the environment. Moreover, in-
(1993) showed that this hypothesis can in fact accourformation given by transforming views of the world turn
for the poor Rayleigh and neutral-point discriminationsout to be a rich indicator not only of events but of per-
of neonates. sisting properties of the world, such as spatial layout
Otherinvestigators have tested the chromatic defi{J. Gibson, 1966, 1979; Johansson, 1970). Later, in dis-
ciency and visual efficiency hypotheses empirically,cussing space perception, we consider ways in which
but no clear consensus has yet emerged. The challengmtions of objects and observers offer high-fidelity in-
has been to develop paradigms in which infants® senfirmation about spatial layout and object form.
tivity can be made high enough to distinguish the pre- Early research on infant visual motion perception
dictions of the two hypotheses. In particular, recenshowed that motion strongly adicts infant attention
work has focused on determining which hypothesis pro{Fartz & Nevis, 1967; Haith, 1983; Kremenitzer,
vides a better account of young infantsO ability to use Maughan, Kurtzberg, & Dowling, 1979; White, Castle,
and L cones to make Rayleigh discriminations (e.g.& Held, 1964). Progress has been made in analyzing the
Adams & Courage, 2002; D. Allen et al., 1993, 1988;limits and probable mechanisms of motion sensitivity,
Clavadetscher et al., 1988; Morrone, Burr, & Fiorentini,including drectional ®nsitivity, velocity sensitivity,
1993; Teller & Lindsey, 1993; Teller & Palmer, 1996; and percepon of motion and stability.
Varner et al., 1985). On balance, the discrimination
failures observed with the youngest children and, fo
small targets, with older children do not necessarilyThe ability to detect motion direction is one of the most
imply deficiencies among chromatic mechanisms pebasic and important perceptual capacities, but its devel-
se. Rather the ratio of chromatic divided by luminanceopment has been poorly understood until the last decade
sensitivity may well remain constant across age, suger so. Using both behavioral and visual evoked potential
gesting that neonates® apparent inability to makéVEP) measures, Wattam-Bell (1991, 1992) tested di-
Rayleigh and neutral-point discriminations is caused byectional £nsitivity in longitudinal studies. In the VEP
an overall loss irvisual efficiency. The predictions of studies, it was expected that if infants detectered-
the visual efficiency hypothesis, however, are inconsistion reversad in an oscillating checkerboard pattern, a
tent with the tritan discriminations. Therefore, young measurable electrical response should be found at the
infants may in fact possess some form of color anomalfrequency of the stimulus reversals. Reliable VEPs were
involving a deficiency among S cones. first found ata median age of 74 days for 5 degrees/sec-
Future work will be needed to illuminate infantsO lossond patterns and 90 days for 20 degree/second patterns.
of visual efficiency and/or deficiency in S cones. Re-Behavioral studies (Wattam-Bell, 1992) employed a dif-
searchers are also taking an interest in the differencerent type of display. In one condition, an array of
between processing moving versus static chromaticandomly changinglots was shown in which appeared a

IDirectional Selectivity
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vertical strip of coherently (vertically) moving dots. gratings, Aslin and Shea (1990) found velocity thresh-
In another ondition, the vertical motion was shown olds of about 9 degrees/second at 6 weeks dropping to 4
against a background having opposite direction motion. degrees/second at 12 weeks. Thresholds for detecting a
A visual preference paradigm was used in which the tardifference between two velo@t were studied by Dan-
get display appeareadjacent to a control display having nemiller and Freedland1991) using pied displays
random or uniform motion. If an infant detected the ver- with horizortal bars ostillating at different rags; their
tical target strip having unique, coherent motion, the in-20-month-old subjects distinguished bars moving at 3.3
fant was expected to look longer at this display. Thedegrees/second from 2.0 degrees/second, but not from
element displacement per frame was manipulated to fin@.5 degrees/second.
the greatest displacementattsupported madbn detec- Much lower thresholds for motion detection were ob-
tion (d_,). This measure was found to increasetained by von Hofsten, Kellman, and Putaansuu (1992).
markedly from 8 to15 weeks of age. The younger infantsin habituation studies of observer-contingent motion
(8 to 11 weeks) could tolerate only about a .25 degree ofvith 14-week-olds, von Hofsten et al. found sensitivity
visual angle displacement (frame duration was 20 mil-to a differential velocity of.32 degrees/second but not
lisecond), whereas 14 to 15-week-olds showed g of .16 degrees/second. Infants were also found to be sensi-
about .65. (The value for adults is about 2 degrees irtive to the relation of the motion direction to their own
this task.) motion. Higher sensitivity in this paradigm might have
Poor performance in the earliest weeks may be due ttwo explanations. It is possible that visual preference
a lack of motion detectors sensitive to high velocitiesparadigms understate infant capacities. As is true in
thatis, large displacements in short time intervals. Thiggeneral with preference meass, infants might detect a
interpretation is supported by additional data thadifference (e.g., between moving and stationary pat-
showed an increase o) when the temporal interval terns) but have no diérential interest or attention to the
between frames was lengthened (Wattam-Bell, 1992). two displays. A second possibility is that the key differ-
ence relates to observer motion contingency in the von
Hofsten et al. study. It is plausible that small, observer-
Human adults perceive motion over a great range of vezontingent motions are processed by the motion per-
locities. Under optimal conditions, a motion as slow as kpective system as specifiers of object depth, rather
to 2 minutes of visual angle per second may be detectdtlan as maing objects. Thus, a depth-from-motion sys-
as motion, as may faster motions up to 15 to 30 detem may have greater sensitivity than a motion detec-
grees/second, awhich blurring or streaking occurs tion system, and the former might be engaged only by
(Kaufman, 1974). Estimates of the slowest velocity toobserver movement (von Hofsten et al., 1992).
which infants respond have varied. Volkmann and Dob- ) ) )
son (1976) used checkerboard patterns (checkské Mechgnlsm.s for Process"?g Moving Patterns:
degrees) and found a moving display was clearly pre\_/elomty, Flicker, and Position
ferredto a stationary one by 2- and 3-month-olds for aA moving stimulus may be chacterized in different
velocity as slow as 2 degrees/second. One-month-oldsays. Similarly, a response to a moving stimulus may be
showed a weaker preference. Using rotary motion disbkased on more than one kind of mechanism. Consider a
plays, Kaufmann, Stucki, and Kaufmann-Hayoz (1985)vertical sine-wave grating drifting horizontally. Each
estimated thresholds at about 1.4 degrees/second atetige moves at a certain velocity. At a given point, alter-
month and 0.93 degrees/second at 3 months, also usinghating dark and light areas will pass at a certain rate,
visual preference technique. presenting a temporal frequency of modulation or
Later studies designed to distinguish various possibléicker rate. This flicker rate depends both on the veloc-
mechamsms by which moving patterns might be de-ity of the pattern and on its spatial frequency (cycles
tected have yielded higher threshold estimates. Danneper degree). Now consider preferential attention to such
millerand Freedland (1989), using uirielctional linear a stimulus over a nonmoving grating or a blank field.
moation of a single bar, found no reliable motion prefer-The preference could be based on a direction-sensitive
ences at 8 weeks. They estimated thresholds at abomechanism, a velocity-sensitive mechanism, or a
5 degrees/second for 16-week-olds and about 2.3 dékicker-sensitive mechanism. Sustained flicker could be
grees/second for 20-week-olds. For vertically moving awided by use of a single object in motion as opposed to

Velocity Sensitivity



126 Infant Visual Perception

a repetitive pattern, but then the possibility arises thapected from sdf-produced movements (von Holst, 1954;
the motion could be detected by noting the change in poAallach, 1987) or more global relationships among opti-
sition of some unique object feature, that is, a positioneal changes occurring at a given time (Duncker, 1929; J.
sensitive mechanism may epate. Some research on Gibson, 1966).
mation sensitivity has aimed to separate these possibili- In the case of passive (non-self-produced) observer
ties experimentally. mation, relations in optic flow or some contribution
Perhaps the first effort to disentangle velocity- fromthe vestibular system must be used in perceiving a
sensitive, position-sensitive, and flicker-sensitive stable world. There is some indication that young infants
mechanisms was carried out by Freedland and Danneshow position constancy under such conditions. Later,
miller (1987). Seeral conbinations of temporal fre- we mention workin object perception (Kellman, Gleit-
quency and spatial displacement were presented witiman, & Spelke, 1987) suggesting that moving infants
random black and white checkerboard displays. Infants@scriminate moving from stationary objects and per-
preferences were affected by both of these factors anckive object unity only from real object motion. More
were not a simple function of velocity. The role of directstudies of position constancy and motion percep-
flicker could not be idectly assessed in these experi-tion by moving observers have also been carried out
ments. Sensitivity to flicker versus velocity was exam-(Kellman & von Hofsten, 1992). In these studies, in-
ined by Aslin and Shea (1990) with vertically moving, fantswere moved laterally while viewing an array of ob-
square-wave gratings. Various combinations of spatiajects. On each trial, one object in the array, either on the
frequency and velocity were used to vary flicker indedeft or right, moved while others remained stationary.
pendent of velocity. For example, the flicker rate (tem-The object motion was parallel to the observerOs motion.
poral frequency) at any point in the display remainsNhether the optical change given to the observer in this
constant if spatial frequency is doubled and velocity issituation comes from a moving or stationary object de-
cut in half. Aslin and Shea (1990) found that velocity,pends on the objectOs distance. Thus, a stationary object
not flicker, determines preferences in infants 6 and 1placedon the opposite side of the array at a different
weeks of age. Converging evidence for velocity-sensidistance matcheché optical displacement of the mov-
tive mechanisms was reported by Dannemiller anding object. Infants were expected to look more at the
Freedland(1991). By using a display with motion of a moving object if its motion was detected. Both 8- and
single bar flanked by stationary reference bars, they ext6-week-olds showed this pattern when the object and
cluded ongoing flicker in any spatial position. More- observer motions were opposite in phase, but only 16-
over, manipulating extent of displacement allowed themweek-olds appeared to detect the motion when object
to test the possibility that infantsO responses were detand observer moved in phase (Kellman & von Hofsten,
mined by the extent of positional displacement. Resultd992). It is not clear why the younger infants showed de-
wereconsistent with velocity-sensitive mechanisms. tection of the moving object only in the opposite phase
condition. Further study indicated that motion detection
was eliminated in monocular viewing. It appears that
Perceiving moving objects is inextricably tied to its con- same ability to distinguish moving and stationary ob-
verse: perceiving nonmoving objects and surfaces as stgects during observer motion is in place as early as 8
tionary. The latter ability is less straightforward than itweeks of age and that binocular convergence may pro-
might at first appear. Neural models of motion detectorvide the distance information needed in this task (Kell-
suggest that these should respond to image features, suttan & von Hofsten, 1992).
as edges, that change position on the retina over time. Yet
sweh retinal displacement occurs in perfectly stationary
environments whenever perceivers make eye, head, or
body movements. Perception of objects remaining at reSPACE PERCEPTION
during observer motion, calledosition constancyyre-
quires use of information beyond that available to indi-In considering how we obtain knowledge through percep-
vidual motion-sensing units. Such information mighttion, the philosopher Kant (1781/1902) concluded that
involve comparison of retinal changes with those exthe mind must contain built-in g priori) categ@ries of
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space and time into which experience is organized. Psyewlved mechanisms to extract suchformation. On
chologically, understanding the origins and developmentthis ecological view of development (E. Gibson, 1979;
of spatial perception has more nuances. Whether we agshepard, 1984), the rudiments of 3D perception might
proach perception from theepspective of the philoso- be present even in the newborn, and their refinement
pher, cognitive sientist, psychologist, or engineer, might depend on sensory maturation and attentional
however, we will rediscover KantOs insight that space isskill, ratherthanon associative learning.
fundamental. Our earlier teement ofbasic spatial vi- Research on spatial perception has gone a consider-
sion set out the sensory limitationsNin acuity, contrastable distance toward answering this question of the
sensitivity, and sensitivity to pattern variationNthat constructivist versus ecological origins of the third
constrain the pickup of information. As we explore spacedimension. Moreover, the emerging picture of early abil-
perception here, our main concern is the acquisition ofities provides important insights about functionally dis-
knowledgeof positions and arangements of objects and tinct classes of information and their nepingsiological
surfaces in the three-dimensional environment. underpinnings. Anticipating some of these distinctions,
Thearetical controversy about the development of vi-we divide spatial perception abilities into four cate-
sud space perception has centered on depth perceptiomories: kinematic, oculomotor, stereoscopic, and picto-
When we examine the human visual apparatus, it is relaial. The classification reflects both differences in the
tively easy to see how we acquire information about twmature of information and in the perceptual mechanisms
of three spatial dimensions. The optics of the eye enat work in extracting information (Kellman, 1995;
sure, to a high degree, that light originating from pointsKellman & Arterberry, 1998; Yonas & Owsley, 1987).
in different directons from the observer will be mapped
onto distinct pplnts on 'the retina. 'I"he resu'lt IS & Map; - matic Information
that preserves information about adjacency in two spa-
tial dimensions (up-down and left-right). The apparentFor guiding action and furnishing information about the
problem lies in the third (depth) dimension. Nothing in 3D environment, kinematic or motion-carried informa-
this map immediately indicates how far a ray of light hagion may be the most important class of visual informa-
traveled to get from an object to the eye. tion for adult humans. One reason for its centrality is
Traditionally, it has most often been claimed thatit overcomes the ambigyitproblems present with
that perception of three-dimensional (3D) space is asameother kinds of information, such as pictorial cues to
product of learning (Berkeley, 1709/1963; Helmholtz, depth. A stationary image given to one eye may be a cud-
1885/1925). Before the invention of methods to studydly kitten or a gigantic tiger further off, as Berkeley
infants® perception, the basis for this view was the logacted, or even a flat, 2D cutout of a cat or tiger. To the
ical problem of recovering three dimensions from amoving observer, the transfiming optic array reveals
projection of the world onto a surface of two dimen- whether the object is planar or 3D and furnishes infor-
sions (the retina). Learning might overcome the limita-mation about relative distance and size. The mapping be-
tion through the associating and storing of sensationtwveen the optical transformations and the 3D scene is
of vision and touch, allowing relevant information governed by projective geometry, and under reasonable
about tactile correlates of visual sensations; these imgonstraints, it allows recovery of many properties of the
turn could be retrieved when familiar visual input re- layout (Koenderink, 1986; Lee, 1974; Ullman, 1979).
curred (Berkeley, 1709/1963; Helmholtz, 1885/1925;Among the residual ambiguities is a problem analogous
Titchener, 1910). Piaget went a step further in arguingo the one Berkeley raised about a single image. If ob-
that sdf-initiated action and its consequences providejects and surfaces in the scedeform (alter their
the recessary learning. shapes) contingent on the observerOs motion, a unique
Modern analyses of the information available for vi-3D scene is not recoverable. Now the problem is recover-
sion have raised a radically different possibility for theing four dimensions (spatial layout plus change over
origins of spatial perception. Transforming optical inputtime) from three (two spatial dimensions of the input
given to a moving organism carries information specificplus time). In ordinary perception, simulation of the
to the particular 3D layout (J. Gibson, 1966, 1979; Joexactprojective changes consistent with a particular, but
hansson, 1970), and humans and animals may well hawet present, layout, would almost never occur by chance.



128 Infant Visual Perception

It does, however, make possible the realistic depiction dfias been shown to be used in adult visual perception, to
3D space in television, motion pictures, and in virtual reestablish both depth order and shape, even when no
ality setups. Because kinematic information about spacether sources of information are available (Andersen &
depends on geometry, not on knowledge of what particucortese, 1989; Kaplan, 1969; Shipley & Kellman, 1994).
lar spatial layouts exist in the world, it is imaginable that InfantsO shape perception fromeratior/deletion of
perceptual medmisms have evolved to make use of it. texture was studied by Kaufmann-Hayoz, Kaufman, and
An additional reason to suspect that sensitivity to thisStucki (1986). They habituated 3-month-olds to one
kind of information might appear early is that early shape specified by accretion/deletion and tested recov-
learning about the environment may be optimized by reery from habituation to the same and a novel shape. In-
lying on sources of information that are most accuratéants dishabituated more to the novel shape. Although
(Kellman, 1993; Kellman & Arterberry, 1998). On the this result suggests that accretion/deletion specifies
other hand, adults acquire much kinematic informatioredges and shape at 3 months, we cannot tell much
from their onn movements through the environment. Theabaut perceived depth order from this study. That accre-
human infant does not self-locomote until the secondion/deletion specifies depth order at 5 to 7 months is
half-year of life although kinematic information could suggeged by a different sudy (Granrud, Yonas, et al.,
still be made available from moving objects, from the in-1985). These investigators assumed that infants would
fant being carried through the environment, or from selfreach preferentil to a surface perceived as nearer
produced head movements. than arother. Computer generated, random dot, kine-
Motion-carried or kinematic information is often matic displays were shown in which a vertical boundary
divided into subcategories, of which we consider threewas specified by only aretiondeletion information.
Relative depths of surfaces can be specified bynfants of 5 and 7 months of age were tested, and both
accretion/deletin of texture Relative motion between groupsshowed modestly greater reaching to areas spec-
an object and obseer may be given byoptical ified as nearer by accretiofdeletion than to areas
expansion/contractionRelative depth, and under some specified as farther. More recently Johnson and Mason
conditions perhaps metric information about distance(2002) provided evidence that 2-month-olds are able to
can be provided bynotion parallaxor motion perspec- use accretiorideletion of texture for perceiving depth
tive. Another important kinematically based spatialrelations.
ability, recovery of object shape from transforming op- Craton and Yonas (1990) suggested that ordinary ac-
tical projections gtructure-from-motio)) is discussed cretion/deletion displays actually contain two kinds of
in connection with object perception. information. In addition to the disappearance and ap-
pearance of texture elements, there are relationships of
individual elements to the location of the boundary be-
In the late 1960s, Kaplan, Gibson, and their colleaguestween surfaces. A visible element on one side of a
discovered a new kind of depihformation, a striking boundary remains in a fixed relation to it, whereas an
achievement gien that depth perception had at thatelement on the other side (the more distant surface)
point been systematically studied for over 200 yearschangs its separation from the boundary over time.
(J. Gibson, Kaplan, Reynolds, & Wheeler, 1969; Kaplan, This separate information, termdmundary flow,ap-
1969). Most surfaces have visible textureNvariations of pears to be usable by adults in the absence of element
luminance and color across their surfaces. The new typaccretiorideletion (Craton & Yonas, 1990) and possibly
of depth information involves what happens to visible by 5-month-old infants (Craton & Yonas, 1988).
points of texture (texture elements) when an observer or_ ) i
object moves. When the observer moves while viewing aOpt'Cal Expansion/Contraction
nearer and more distant object, the elements on theWhen an object approaches an observer on a collision
nearer surface remain visible whereas those on the moreourse, its optical projection expands symmetrically. It
distart surface gradually pass out of sight along one sidecan be shown mathematically that a ratio of an object
(deletion) of the nearer object and come into view alongpointOs retinal eccentricity and its retinal velocity gives
the ather side (accretin). The same kind of transforma- its time to contactthat is, the time until it will hit the
tion occurs when the motion is given by a moving objectobserver. Newborns of other species show defensive re-
instead of a moving observer. This kind of information sponses to this kind of information (Schiff, 1965).

Accretion/Deletion of Texture
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When presented with optical expansion patternsfunctions quite early, but these suggestions have been
human infants of 1 to 2 months of age were reported tdbased on indirect edence (Walk & Gibson, 1961;
retract theirheads, raise their arms, and blink (Ball & Yonas & Owsley, 1987). Walk and Gibson (1961) stud-
Tronick, 1971; Bower, Broughton, & Moore, 1970). Not ied newborns of various species on the visual cliff and
all of these responses, however, may indicate perceptionoted that some species madeela! head movements
of an approaching object (Yonas et al., 1977). Headbefore choosing the OshallowO side of the cliff over the
movement may result from infants tracking visually the OdeepO side. It is difficult to make a similar inference
top contour of the pattern, and relatively undifferenti- about human infants, because they do not self-locomote
ated motor behavior may cause the arms to rise in con-until around 6 months of age.
cert. Yonas et al. tested this hypothesis using a display in  Same results relevant to the development of motion
which only the top contour moved. This optical changeperspective in 4-month-old infants were reported by
is not consistent with approach of an object. Infants fromvon Hofsten et al. (1992). Infants moved back and forth
1 to 4 nonths displayed similar head and arm move-while viewing an array of three vertical bars. The mid-
ments to ths new display as to an optical expansion dis-dle bar was moved in concert with the infantOs chair,
play. The result supports the hypothesis that tracking thegiving it an optical displacement that would have been
top contour, rather than defensive responding, accountsonsistent with a stationary rod placed somewhat fur-
for the behavior infants show to expansion displays. ther away. If motion perspective opegaf the observer

It turns out, however, that both the tracking hypothe-contingent motion should indicate that the middle rod is
sis and the hypothesis of defensive responding appear torthest from the subject (see Figure 3.4). After habitu-
be correct. When eye blink was used as the dependeation to such an array, moving infants looked more at a
measure, reliably more responding was observed to thstationary array consisting of three aligned, stationary
approach display than to the moving top contour displayrods than to another stationary array with the middle
It appears that blinking may best access infant percepod 15 cm further away than the others. (The latter dis-
tion of object approach and does so reliably from aboyplay produced identical motion perspective as the habit-
1 month of age (Nanez, 1988; Nanez & Yonas, 1994uation display.) Two other experiments showed that the
Yonas, 1981; Yonas, Pettersen, & Lockman, 1979).  effect dsappeared if the contingent motion was reduced
from the original .32 degrees/second to .16 degrees/
second and that infants were sensitive to the contin-
Motion perspective is an important source of spatial laygency between the optical changes and their own move-
out information. When an observer moves and looksnent. These results are consistent with infantsO early
perpendicular to the movement direction, the visual di-use of motion perspective. They might also be ex-
rection of a nearer object changes at a faster velocitylained, however, by infants responding to particular
than that of a more distant object. Comparing two suchoptical changes and the contingency of these optical
objects or points defines the classical depth cue of mazharges on the observerOs movement. The results do not
tion parallax. J. Gibson (1950, 1966) argued that pefinclude any test to verify that the optical changes were
ceptual systems might use relative velocities of manytaken to indicate depth. An interesting possibility is
points, that is, gradients of relative motion provide morethat the perceptual process that uses motion perspec-
information than a pair of points. To express this contive to assign depth is far more sensitive to optical dis-
cept, he coined the ternrmotion perspectiveSome ex- placementhan processes used to see moving objects.
perimental evidence indicates that gradients are in fact
used by human perceivers (e.g., E. Gibson, Gibson,

Smith, & Flock, 1959).

Motion perspective is virtually always available to a
maoving observer in a lighted environment, and it ordi- Sterecscopic depth perception refers to the use of dif-
narily provides unambiguous indication of depth orderferences in the opticalrgjections at the two retinas to
Given these considerations, one might expect that neurdetermine depth. This ability is among the most precise
mechanisms have evolved to exploit this kind of infor- in adult visual perception. Under optimal conditions,
mation, and that accordingly, it might appear early inan adult observer may detect depth when the angular
development. S@ral investigators have suggested that itdifference in a viewegointOs location at the two eyes

Motion Perspectve
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more distart than the fixation point will havancrossed
disparity. The visual drection of such a point will be
more to the left in the visual field of the left eye than in
the right eye.Crossed disparitycharacterzes points
O 00— O nearer than the fixated point. The visualiction of
these points will be more leftward in the right eye than
in the left.

Observations from other species suggest the existence
of innate brain mechanisms subserving stereoscopic
D E— |U| _— depth perception, specifically, cortical cells tuned to
particular disparities at birth or soon after (Hubel &
Wiesel, 1970; Pettigrew, 1974; Ramachandran, Clarke,
& Whitteridge, 1977). Such single-cell recording studies

Test are rot possible in human infants; moreover, they do not
directly address functional operation of steremsc
@) depth perception. Evidence about human infants comes
mostly from behavioral studies and suggests thatrso-
O O O O @) scopic depth perception arises around 4 months of age as
a result of maturational processes.
A number of studies have used stationary displays
and preferential looking as the dependent variable. One
e SO of two adjacently presented displays contains binocular
D |U| - D IUI — disparities that might specify depth tifences within
the pattern. Infants are expected to look longer at a dis-
Figure 3.4 Top views of displays used in motion parallax ex- 50y containing detectable depth differences than at a
perimet. Top: Moving observers were habituated to a linear™ . °. . L .
array of rods in which the center rod moved in phase with thes'm'la'_’ one having no .depth var_|at|on (Atkinson _&
observer. Thelotted line indicates the virtual object specified Braddick, 1976; Held, Birch, & Gwiazda, 1980). A dif-
by motion parallaxBottom: The two test arrays pictured were ferent method eliminates any gmible monocular cues.
shown after habitua;ionSource: OYung InfantsO Sensitivity Using random dot kinematogms, Fox, Aslin, Shea, and
to Motion Parallax,0 by C. von Hofsten, P. Kellman, andp,mais (1980) presented disparity information that
;:;‘?S;gi égiﬁi?é%n\fvi?ﬁgz\:gisz%dn_DevelOpmem’ (25 would, if dgtected, spec_ify a mgving square. Using the
forced-choice preferential looking method, adult ob-
servers judged the direction of motion on each trial
sdely by watching the infantOs responses.
(binocular disparity) is only 5 to 15 seconds of arc Estimates of the age of onset of disparity sensitivity
(Westheimer & McKee, 1980). A 5-second disparityfrom these methods show reasonable agreement. In lon-
would translate into detection of a 1.4 mm depth differ-gitudinal studies by Held and his colleagues (Birch,
ence between two objects at a distance of one meter. V&wiazda, & Held, 1982; Held et al., 1980), reliable pref-
can distinguish two types of binocular disparit§gssed erences for a vertical grating pattern with disparity vari-
and uncrosed.A prerequisite for pecise canputation of  ation appeared at 12 weeks for crossed disparities and 17
disparity between the two eyes is fixation by the twoweeks for uncrossed. Fox et al. (1980) found that 3- to 5-
eyes on a common environmental point. We can measumaonth-olds reliably oriented to a moving square speci-
the disparities of other imaged points by comparisorfied by disparity, but infants younger than 3 months did
to this zero disparity fixation point. Other points atnot. Petrig, Julesz, Kropfl, and Baumgartner (1981)
roughly the same distance from the observer as the fi¥ound a similar onset of sensitivity using recordings of
ated point will project to corresponding retinal loca- visual evoked potentials.
tions, that is, having the same angular separation and A thorny issue in the interpretation of these studies is
direction from the fovea on each of the two eyes. Pointsvhether the observed behavioral responses index depth

Habituate
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perception from binocular disparity or merely sensitivity to approximate those present at 2 months of age. Under
to disparity itself. It is hard to settle this issue with cer-these conditions, stereoacuity was reduced substan-
tainty; however, some observations suggest that depth ally, but not sufficiently to explain infantsO inability to
perceived. Held et al. (1980), for example, found that in- respond to large disparities before 3 to 4 months of age.
fants who showed clear preferences for vertical line disbevelopmental changes in convergence also appear un-
plays containing horizontal disparity showed no such likely to explain the onset of esteoacuity. Exdence
preferences when the displays were rotated 90 degreesan the development of convergence (Hainline, Riddell,
give 34 minutes of vertical disparity (a condition that Grose-Fifer & Abramov, 1992) indicates that it may be
produces rivalry for adults). Fox et al. (1980) observednearly adultlike at 1 to 2 months of age. Also, conver-
that infants did not track a moving object specified gence changes would not explainfeéifences in the onset
by very large disparities that do not signal depth toof crossed and uncrossed disparity (Held et al., 1980).
adults. They found instead that infants reliably looked Given these considerations, most investigators believe
away from such displays. This result is double-edged:the explanation for the onset ofes¢osopic vision is
Althowgh it shows different reaadns by infants to dif- somematurational change in cortical disparity-sensitive
ferent magniades of disparity as might be expected ifunits. Such a mechanism underlies improvement of
only some disparities produce perceived depth, it alsstereosapic discrimination performance in Kittens
shows that disparities per se cafeatinfantsO fixation. (Pettigrew, 1974; Timney, 1981). In humans, it has been
From these studies, it is plausible but not certain thasuggested that the particular change in disparity-
infants® responses in these studies indicate functiorsgnsitive cells may be segregationashilar dominance
stereosapic depth perception. Other studies have showrdumns in layer 4 of the visual cortex (Held, 1985,
that disparity-sensitive infants outperform disparity- 1988). At birth, cells in layer 4 gemally receive pjec-
insensitive infants on tasks involving depth and threetions from both eyes. Between birth and 6 months, inputs
dimensional shape perception (Granrud, 1986; Yonadrom the two eyes separate into alternating columns
Arterberry, & Granrud, 1987a). receiving input from the right and left eyes (Hickey &
What mechanisms are responsible for the onset dPeduzzi, 1987). Eye-of-origin information is needed to
stereosopic sensitivity after saral months of life? An  extrad disparity information, so this neurological devel-
argument for maturational causes is that sensitivity veryopment is a plausible candidate for the onset efest-
quickly attains adultlike pedsion. Held et al. (1980) re- scopic function.
ported that thresholds change over 3 to 4 weeks from
greater than 60 minutes to less than 1 minute of disparF—,
ity, with the latter measured value limited by the appara-
tus; even so, this value is comparable to adult sensitivitfhe pictorial cuesare so named because they allow
under some conditions. depth to be portrayed in a flat, two-dimensional picture.
What mechanisms might be maturing at this time?Sometimes these are called the classical depth cues, be-
One possibility is that disparity-sensitive cortical cellscause they have been discussed and used by artists and
arecomingonline. Another is that improvements in the students of perception for centuries. Theoretically, they
mechanisms of convergence or visual acuity that arehave been central to classical arguments about the need
prerequisites to fine streois might explain the ob- for learning in spatial perception. The fact that the same
saved onset of disparity sensitivity. Some evidenceinformation can be displayed in a flat picture or a real
suggeds that the onset of steresip is not dependent on 3D scene immediately points to their ambiguity as signi-
improvements in visual acuity (grating acuity). Whenfiers of reality. It is a short step to the classical perspec-
both acuity and disparity sensitivity are measured lontive on the acquisition of such cues: If these cues are not
gitudinally in the same infants, little or no change inunequivocally tied to particular spatial arrangements,
grating auity is found during the period in which stere- our perception of depth from these cues must derive
opsis appears (Held, 1993). A fifent methogointing  fromlearning about what tends to be the case in our par-
toward the same conclusion comes from a study by Wegicular environment. (The environment, until recently,
theimer and McKee (1980). Adults were given artifi- had many more 3D scenes offering information than 2D
cially reduced acuity and contrast sensitivity designedepresentations.)

ictorial Depth Perception
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Ecologically, the pictorial cues to depth are diverse]eagues (see Yonas, Arterberry, & Granrud, 1987b;
but many of them rest on similar foundations. The lawsronas & Owsley, 1987 for reviews). For brevity, we con-
of projection ensure that a givephysical magnitude sider only two examples: interposition and familiar size.
projects an image of decreasing extent at the retina witfihe development of other pictorial cues that have been
increasing distance from the observer. Applying thisstudied, such as linear perspective and shading, appears
geometry in reverse, if two physical extents are knownto be similar.
or assumed to have the saptgsical (real) size, then
differences in their projected size can be used to esta
lish their depth order. This information comprises theThe depth cue ahterposition,sometines called over-
depth cue ofelative size Very similar islinear perspec- lap, specifies relative depth of surfaces based on con-
tive. If two lines in the world are known or assumed to betour junction information. When surface edges form a
parallel, then their convergence in the optical projectiorOTO junction in the optical projection, the edge that
may be taken to indicate their extending away from th&omes to an end at the intersection point (the vertical
observer in depth. Generalizing this notion to wholeedgein the letter T; see Figure 3.5A) belongs to a sur-
fields of visible elements comprises the rich source oface passing behind the surface bounded by the other
information in natural scenes known #&xturegradi- edge (thehorizontal edgen the letter T). Interposition
ents (J Gibson, 1950). If a surface is assumed to bés a powerful depth cue in human vision (Kellman &
made up ophysically uniform or stochastically regular Shipley, 1991). Infant use of interposition information
tokens (pebbles, plants, floor tiles, etc.), then the dewas tested by Granrud and Yonas (1984). They used
creasing projective size of texture elements indicates inthreesimilar displays made of three parts each but dif-
creasing depth. A different kind of assumed equality idering in the presence of interposition information. In
illustrated by the depth cue ahading. If the light the interposition display, the left panel overlapped the
source comes frombove, a dent in a wall will have a middle, which overlapped the right. In a second dis-
lower luminance at the top because the surface is orplay, all contours changed direction at intersection
ented away from the light, whereas the bottom part, oripoints, giving indeterminate depth order. In a third dis-
ented toward the light, will have higher luminance.play,the three surface sections were displayed slightly
Perception ofdepth from these luminance variations separated, so that no contour junctions were relating
implicitly assumes that the surface has a homogeneodkem. Infants at 5 and 7 months of age viewed these
reflecdance; variations in luminance are then taken todisplays monocularly (to eliminate conflicting binocu-
indicate variations in surface orientation. lar depth information), and reaching was measured. All

Pictorial cues are not as ecologically valid as kineparts of the displays were coplanar and located the
matic or stereoscopic information because the assumgame distance from the subjects. InfantsO reaches to
tions behind them, such as the assumptiophg$ical different parts of the displays were recorded. In one ex-
equality, may be false. In a picture, it is easy to make
two similar objects of different sizes or two parts of a
connected surface with different reflectances. Mislead-
ing cases of pictorial depth information are not difficult
to find in ordinary environments. Sometimes apparently
converging lines really are converging lines, and some-
times the average size of texture elements changes with
distance, as do the sizes of particles at the seashore
(smaller particles get washed further up the beach).

Studies of the development of pictorial depth percep- T
tion reveal a consistent pattern. Sensitivity to these cues C
appears to be absent until about 7 months of age. Around o _ S _

7 months of age, infants seem to be sensitive to virtuall{(:'gure 3.5 Examples of line junctions giving information

Il bi ial deoth hat h b d h r three-dimensional structure. A shows a T junction speci-
all pictorial depth cues that have been tested. Muc q ing ordering in depth. B and C show Y and arrow junctions,

this emerging picture of the origins of pictorial depthrespectively, that contribute to the perception of three-
has come from systematic studies by Yonas and his caltimensional structure.

tI)r_1terpositi0n
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periment, he interposition display was compared with from familiar size, but this information is overridden
the indeterminate control display and in a second exwhen conflicting stereoscopic information is available.
periment, he interposition display was compared with . , . ,

the control display having separated areas. In both e)gonclusmns Regarding Pictorial Depth

periments, 7-month-old infants reached reliably moreTwo decades ago little was known about the development
often to the OnearestO part of the interposition display pictorial depth. Today, largely due to programmatic re-
thanto the same region in the control displays. Five-searchby Yonas, Granrud, and their colleagues, we have a
month-olds showed some tendency to reach more to thiairly clear picture about the timing of the appearance of
nearespart of the interposition display than one of thepictorial cues. The picture is strikingly consistent across
control displays, but not the other. These results promembers o the category. Pictorial cues to depth arise
vide evidence that interposition is usable by 7 monthssometime betweerhe 5th and 7th montbf age, and tests
but the results are equivocal or negative about its avaibf individual infants across time reveal variability in the
ability at 5 months of age. age ofonset across this 2-month period (Yonas, Elieff, &
Arterberry, 2002). It is possible that younger infants are
sensitive to some of the informational properties of picto-
Perhaps the clearest case of learning in space percepal depth cues, such as €gfrent line junctions or textural
tion involves the cue of familiar size. If an object has arrangements, which mayqvide a foundation for per-
known physical size (and this size is represented ireiving the third dimension (Bhatt & Bertin, 2001; Bhatt
memory) and the object produces a particular projec& Waters, 1998; Kavsek, 1999).

tive size in a given viewing situation, the distance to The appearance of various pictorial cues around the
the object can in principle be calculated (Ittleson,same time has been interpreted as suggesting that matu-
1951). Using a preferential reaching method, Yonastation of some higher visual processing area in the nerv-
Petersen, and Granrud (1982) tested infantsO percepus system is the mechanism (Granrud & Yonas, 1984).
tion of depth from familiar size. As with interposition, Research with macaque monkeys lends additional sup-
7-month-olds showed evidence of using familiar sizeport to a maturational explanation. Pictorial cues appear
whereas 5-month-olds did not. In a later experimentas a group around 7 to 8 weeks of life (Gunderson,
Grarrud, Haake, and Yonas (1985) tested familiar sizeYonas, Sargent, & Grant-Webster, 1993). As Gunderson
using two pairs of objects unfamiliar to the subjects beet al. put it, this result is compatible with the idea that
fore the experiment. Each pair consisted of a large antpictorial depth perception may have ancient phyloge-
small version of an object having identical shape andetic originsO (p. 96). A key to this interpretation is that
cdor. Infants were encouraged to play with the smalthe timing fits the rough ratio of! 4 in terms of time
object from one pair and the large object from the otheafter birth in nonhuman primates and humans, a relation
pair for 6 to 10 minutes. After this familiarization pe- that fits the maturation of humerous other abilities (a
riod, infants viewed a simultaneous presentation ofunction that matures at 4 weeks in nhonhuman primates
both large objects. It was expected that infants wouléppears at about 16 weeks in human infants).

reach more d&n to the object whose small version had Alternatively, the similarity of onset of these sources
been handled during familiarization if the cue of fa-of information might be explained by learning. It is sug-
miliar size influenced perceived distance. (Memorygestive that the depth cue of familiar size, which neces-
for thephysical sizes in the earlier exposure, combinedsaily involveslearning, becomes operative in the same
with equal projective sizes in the test, would lead to inperiod as other pictorial depth cues. Their appearance at
terpretation of the previously smaller object as beingthis time could reflect enhanced possibilities for learning
much closer.) Infants at 7 months of age who viewedbrought about by some other developmental advances,
the test displays binocularly reached equally to the twsuch as the appearance of crawling abilities around 6
objects, but infants of the same age who viewed the testonths of ag. One study that correlated individual sen-
displays monocularly reached more to the previouslhsitivity to linear perspective and texture gradients with
smaller object. Five-month-olds showed no variationcrawling ability (Arterberry, Yonas, & Bensen, 1989)
in reaching related to the size of objects in the familfound no predictive relationship, however. Seven-month-
iarization period. These results suggest that by 7 budlds seemed to utilize pictorial depth in their reaching
not 5 months infants may obtain depth informationregardless of whether they had learned to crawl.

Familiar Size
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Further research is needed to discover the mechadne object perceptioper seas opposed to recognition
nisms underlying the onset of pictorial depth percep-from partial information, reasonable inferences based
tion. Longitudinal studies of multiple pictorial depth on prior knowledge, and other valuable cognitive talents
cues would be helpful, as would be formulation andthat adults use to ruin otherwise sound perceptual ex-
tests d more gecific neurophysiological candidates periments. Studies of early object perception reveal the
for maturation and, alternatively, potential processeglevelopmental course of these abilities and shed light on
of learning. the complexities of object perception in geal.

Multiple Tasks in Object Perception
OBJECT PERCEPTION

As the study of object perception has advanced, it has

One of the most important functions of visual percepbecome clear that it is computationally complex, in-
tion is to deliver representations of the environment irvolving multiple tasks. (For recent discussions of the
terms of discrete physical entities objects. There information processing tasks in object perception, see
are many ways to describe and encode the streams K&llman, 2003). One componentedge detectidilo-
light that hit the retinas of the eyes. In ordinary pere€ating significantontours that maindicate where one
ceiving, we receive, not descriptions of light, but de-object ends and another object or surface begins. Edge
scriptions of thephysical objects that last reflected detection alone is ambiguous, because visible contours
the light. These descriptions of the locations, boundean result from object boundaries but also from other
aries, shapes, sizes, and substances of objects are smrces, such as shadows or markings on a surface. A
dispensable for action and thought. Normally, thesecond requirement, then, &dge classificatioNsort-
separate objects in our perceptual world corresponthg visible contours into object boundaries as opposed
to units in the physical world. This knowledge allowsto other sources. Next isoundary assignnent. When
us to predict the results of action: how the world di-an edge corresponding to an object boundary is lo-
vides, which things will detach from adjacent things,cated, it most commonly bounds one object, while the
and which will remain coherent if moved, thrown, or surface or object seen on the other side of the boundary
sat on. All this we can know visually from a distance,passes behind the first object. Determining which way
without actually contacting the objects. each boundary bounds is crucial for knowing, for exam-

Beyond these most basic kinds of knowledge, percepple, whether we are viewing objects or holes. Along
tion of shapes and sizes, object rigidity, and so on, givesith edge processes, detection and classification of
us a wealth of information about objectsO possible affojunctions of edges is important in the segmentation and
dances for action. For the experienced observer, storimgrouping processes that lead to perceived objects.
in memory the shapes and surface qualities of many per- Early processes involving edges and junctions do not
celved objects makes possible rapid and automatidy themselves yield perceived objects. &al other
recognition of familiar objects, even from partial infor- problems need to be solved to accomplish object forma-
mation. The adaptive value of object perception andion. For one thing, because of occlusion a single object
recognition sysms can hardly be overestimated.in the world may project to multiple, spatially sepa-
Matching this importance is the complexity of under-ratedlocations on the retinas of the eyes. Also, at each
standing the prazsses and mechanisms of object per-occlusion boundary, some surface continues behind; re-
ception. The challenges become apparent when we samvering he structure of objects in the world requires
how little of human objecpercepton can currently be sdutions to how visible parts connect. These are the
emulated by artificial vision systems. For the ordinaryquestions ofegmentatiorand unit formation.A single
observerin a familiar environment, however, the task static image raises these issues; more complex versions
seems not complex, but easy. occur when observers move, causing the visible frag-

The lack of a complete scientific understanding ofments of objects to change continuously. To form units,
adult object perception abilities might seem to handicaphe visual system assigns shape descriptions. Thus per-
efforts to trace their development. Examining objectceiving formNthe three-dimensional arrangement of
perception in infancy has at least one advantage. Thehe objectNis another important component. Finally,
minimal experience of infants makes it easier to examthere are perceptible properties relatingotject sub-
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stance:its rigidity or flexibility, surface texture, and If the shape of a 2D pattern is detected, one might
soon. We consider what is known about each of thesargue, the contour comprising that edge must certainly
aspects of object perception early in development.  be detected and perhaps classified as an object bound-
ary. Since the pioneering studies of Fantz and col-
leagues (e.g., Fantz, Fagan, & Miranda, 1975), many
studies have shown that infants discriminate patterns
What information makes edge detection possible? Ifiromthe earliest weeks of life. Discrimination, however,
generd, the answer is discontinuities across space irtan be based on any registered difference between pat-
sameperceptible properties. These &@fences can be in terns; contour perception may not necessarily be im-
the luminance or spectral composition of light comingplied. A visual pattern may be analyzed into sinusoidal
from adjacent areas. These differences may mark objetiminance components. An objectOs edge may trigger re-
boundaries because objects tend to be relatively homaponses in a population of cortical neurons but not be
geneous in their material composition. Parts of a homo-represented as a single pattern feature. In short, differ-
geneous object will absorénd reflect light in similar ent patterns may ewvoke different neural activityout not
fashion, whereas an adjacent object, made of some diperception of edges or forms per se. This possibility is
ferent material, may differ. Ts, discontinuities of lu- consistent with the evidence noted earlier that infants
minance and spectral congiion in the optic array are somewhat insensitive to spatial phase information
may mark object boundaries. When average luminanckefore about 8 weeks of age.
and spectral characteristics are simifar adjacent Other lires of research, however, imply that edges
objects, higher order patterns of optical variationNtex- and forms may be perceived by newborns under at least
tureNmay distinguish them. Another source of informa- samecircumstances. Slater and colleagues (Slater, Ma-
tion comes from depth gradients. Depth values of visibléock, & Brown, 1990) reported evidence for some de-
points of a continuous object will change smoothly, butgree of size and shape constancy in the first few days
at an object boundary discontinuities will often occur. of life. Size congang is the ability to perceive the
In similar fashion, optic flow provides information physical size of an object despite changes in the ob-
about edges. When the observer moves, the optical digectOs projected size for an observer dewifit dis-
placements for visible points will tend to vary more tances. Shape constancy in this context refers to the
smoothly within objects than between objects. perceiverOsbility to detect a constant planar (2D)
None of these sources of information for detectingshape despite variations in its 3D slant (e.g., perceiv-
objectsO edges is unequivocal. Discontinuities in luming a rectangle although its slant in depth produces a
nance and/or spectral values may arise from reflectandeapezoidal retinal projection). Size and planar shape
differences of cast shadows along the surface of a comonstancy are discussed later in this chapter. Here we
tinuous object. They may also come from surface orienmerely note that both seem to require some boundary
tation differences in a complex object, due tofeliént  perception abilities. It is hard to imagine any way to
geometric relations between a light source, surfaceachieve constancy if the newbornOs visual representa-
patches, and the observer. The same may be true ftion consists of an unintegrated collection of activa-
depth or motion discontinuities: They will often but not tions in independent frequency channels. More likely,
always mark object boundaries. A second requirementigher stages of processing function to some degree to
for object perception, then, is edge classificationlocalize edges of objects.
Which luminance variations are probably object edges Several observatins suggest that early edge classifi-
and which arise from illumination changes, such ascation and boundary assignment capacities may depend
shadows or patterns on a continuous surface? selectively on a subset of information sources available
We have primarily indirect evidence about infant to adults. For adults, surface qualityféifencesuch as
edge detection and edge classification abilities. The lit-luminance and spectralifferences can specify object
eratures on visual acuity and pattern discriminationboundaries. As noted by Rubin (1915) in his classic
both offer useful clues. One implication of newborns@tudies of figure-ground organization, an area whose
poor acuity relative to adults is that their ability to pro-surround differs in luminance or spectral characteris-
cess object edges must be much reduced, especially ftics ordinarilyappears as a bounded figure in front of a
distant objects. backgroundsurface. There is reason to believe that

Edge Detection and Edge Classification
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infants donot segrecate objects using this information suned that reaches would be directed to perceived
before about 9 months of age. Piaget (1954) noted thdoundaries of graspable objects. When the whole array
his son Laurent at 7 months reached for a box of matchesas statbnary and the objects ave adjacent, greater

when it was placed on the floor but not when it wasreaching was observed to the edges of the larger, further
placedon a book; instead he reached for the edges of thebject. Separation of the two objects in depth led infants
book. If the box slid on the book, Laurent reached foito reach more for the nearer, smaller object. When the
the box. This sort of observation led to three tentativdarger object moved while the smaller object did not,

conclusions: reaching was directed more toward the smaller object.

) ) This result suggested that motion segregated the objects
1. A stationary object on a large extended surface (3ather than merely attracted reachingchese infants

floor or table) may be segregated from the background,ogched morect the statonary object. From these re-
2. A stationary object adjacent to another stationarysuits, it appears that discontinuities in motion or depth
object will not be ®gregated p surface quality segregate objects, whereasminance discontinuities
differences. and overallshape variables do not. These results make
3. Two dbjects can be segregated by relative motion. sense in that motion and depth indicate object bound-
aries with greater@logcal validity than luminance or
Subsequent experimentalovk has supported PiagetOsspectral variations alone (Kellman, 1995; von Hofsten &
interpretations. Spelke, Breinlinger, Jacobson, andspelke, 1985). That is, ambiguous or misleading cases
Phillips (1993) tested infantsO responses to adjaceate less likely to arise with motion or depth discontinu-
object displays.Homogeneoudlisplays had parts with ities.
identical luminance, color, and texture, and the partsO
boundaries were continuous at their intersection points.
Heterogenouslisplays had two adjacent parts differing in
luminance and color, and also had discontinuities
(T junctions) at the intersection points. After familiar- Detecting and classifying contour junctions is important
ization with adisplay, infants viewed two test events. In for many aspects of object perception. Many models of
one, both parts moved together, whereas in the other onlgbject perception and recognition, as well as other as-
thetop part moved, detaching from the other part. If thepects of perceptual organization, include contour junc-
original display had been perceived as two separate oltions as important sources of information (e.g., Heitger,
jects, infants were expected to look longer at the event irRosenthaler, von der Heydt, Peterhans, & Kubler, 1992;
which the whole display moveds a unit. If the two parts Hummel & Biederman, 1992; Kellman & Shipley,
had been perceived as connected, infants were expectd®91). Junctions are important in unit formation, both in
to look longer at the detachment event. Three-month-oldsggmenting objects from their backgrounds and in trig-
infants showed this latter result, suggesting they had pergering contour interpolation processes (e.g., Heitger
ceived both the homogeneous and heterogeneous displagsal., 1992; Kellman & Shipley, 1991) and in encoding
as connected. Ambiguous results were found with 5- anabject representations for recognition (Barrow &
9-month-olds; infants looked longer at the detachmenfTenenbaum, 1986; Hummel & Biederman, 1992; Waltz,
ewvent for the homogeneous display, but when the hetero1975). Beyond mere detection, classification of junction
geneous display moved asepiece, they did not show a type is important (see Figure 3.5). As mentioned, a T
novelty effect. Similarly, Needhani1999) showed that 4- junction in an interposition display indicates where one
month-olds did not respond to diérencesn surface fea- contour intersects another contour, thus allowing for the
turesfor segregating static objects. separation of the two surfaces in depth (Waltz, 1975;
These conclusions are consistent with earlier reWinston, 1992). Line junctions can also play a role in
seaarch. Von Hofsten and Spelke (1985) used infants@pecifying the three-dimensional shape of an object. For
reaching behavior to address perceived unity. Displaysexample, OYO and OarrowO junctions specify the three-
weredesigned to approximate closely the situations condimensional structure and orientation of objects.
sidered by Piaget. Spatial and motion relationships were Until recently, nad much was known about the devel-
varied among amall, near object, a larger, further ob- opment of sensitivity to contour junctions. Studies on in-
ject, and an extended background surface. It was agerpostion suggest that by 7 months of age, infants are

Detection and Classification of Contour Junctions
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responsive to T junctions. In addition, Yonas and Arter-suggesting perception of both depth order and boundary
berry (1994) showed that 7.5-month-olds distinguish be-ownership (Granrud, Yonas, et al., 1985; Kaufmann-
tween lines in two-dimensional drawings that representHayoz, Kaufmann, & Stucki, 1986).

edge contours (arrow and Y junctions) and lines that  Other behavior suggests appropriate detection of ob-
represent surface markings, an important first step inject boundaries in younger infants. When an object ap-
using line junction information for perceiving spatial proaches an infant, certain defensive responses often
structure. More recently, Bhatt and Bertin (2001) found occur, including withdrawal of the head and blinking, as
evidence that 3-month-olds are sensitive to line junctiondiscussed earlier. The importance of boundary assign-
cues that signal three-dimensional structure and orientanent for this ability was tested by Carroll and Gibson
tion information to adults. Whether infants perceive the(1981). They presented 3-month-old-infants with arrays
three-dimensional structure has not beeredtly tested in which all surfaces were covered with random dot
but would be a good question for future investigation. texture. Using a&cretiondeletion of texture, an ap-
proaching object was specified in one condition and an
approaching aperture (opening in the surface) was spec-
ified by the information in the other condition. Infants
appeared to use the information: They responded defen-
The question of boundary assignment applies to pewively more often to approaching objects than to ap-
haps the most important subcategory of edgesNocproaching apertures.

cluding edges. These are contours that mark the end of

anobject or surface. As has been known for a long time

(Koffka, 1935), most such edges are Oone-sidedfrception of Object Unity

in that the contour marks the edge of an object on one

side but on the other, some surface continues behinf/ocesses of edge detection, classification, and bound-

Boundary assignment involves the question of which®'Y &signment parse the optic array into significant
way such edges bound. Some of the same considerBieces and reveal some of the boundaries of objects, but
tions we raised regarding edge classification apply téhey do not yield representations correspondingftgs-
boundary assignment. Evidence that infants distinguisi¢@l objects. Together, they may feed into a representa-
shapes, or figures from grounds, might indicate thation of distinct visible areas along with the labeling
boundary assignment is occurring. It is problematicof which way contours dividing these areas bound
however, to prove that infants perceive shape rathefKellman, 2003; Palmer & Rock, 1994). As mentioned
than a hole. These two possibilities differ in terms of e&lier, the difference between such represerias and
thedirection of boundary assignment. perceived objects is that olgjes may unify multiple vis-

We noted that early shape constancy seems to presu;Sb|e areas. How can the visual system move from visible
pose boundary assignment. If this inference is correct?ieces to complete objects when some parts of
the relevant information probably comes from disconti-objects are partly hidden? This is the question of per-
nuities in depth at object edges. Boundary assignmer?teivmg object unity, or unit formation. It involves prob-
from depth discontinuities follows the straightforward lems of spatial occlusion as a 3D world is projected onto
rule that the nearer surface owns the boundary. AnothéD receptive surfaces and also changes in the optic pro-
saurce of boundary assignment information is accre-Jections over time as the observer or objects move.
tion/deletion of texture. When one surface moves rela- | ] ) )
tive to a more distant surface, texture elements on th('é,(IUItIpIe Processes in Unity Perception
latter surface go out of sight at the leading edge of th&esearch suggeds several kinds ofinformation lead to
neaer object and cominto sight at the trailing edge. perceived unity. One igshe common motion process
This information constitutes a powerful source of (Ocommon fateO) first described by Wertheimer
boundary information, depth order, and shape in adul{1923/1958): Things that move together are seen as con-
perception (Andersen & Cortese, 1988; J. Gibson et al.nected. Some moreigorous definition of Omove to-
1969; Shipley & Kellman, 1994). Infants as young as JetherO is needed, of coewrdhe class of rigid motions
and 5 months of age respond to accretion and deletion afs defined in projective geometry, as well as some non-
texture to perceive object shape and depth, respectivelyjgid motion correspondences, can evoke perception of

Boundary Assignment



138 Infant Visual Perception

unity in human adults (Johansson, 1970, 1975). The How does wnit formation develop? We consider these
common motion process does not depend on relationseveralinformation sources in attempting to answer
ships between oriented edges and for that reason h#sat cuestion.
been called theedye-insensitive proces¢Kellman & . )
Shipley, 1991). The Edge-Insensitive Process: Common Motion

The other process depends on continuity in edge reld&vidence suggests that the edge-insensitive (common
tionships. Related to the Gestalt principle of good conmation) process appears earliest in development. In-
tinuation (Wertheimer, 1923/1958), it has been termedants® perception of partly occluded objects can be as-
the edge-sensitive procesdVhereas good continuation sessed using generalization of habituation (Kellman &
applies to the breakup of fully visible arrays into parts,Spelke, 1983). If two visible parts whose possible con-
perception of unity across gaps in the input depends onection is occluded are perceived as connected, then
particular relationships of oriented edges. Specificallyafter habituation of visual attention to such a display,
they appear to be governed by a mathematical criterioinfants should look less to an unoccluded complete ob-
of relatability (Kellman, Garrigan, & Shipley, 2005; ject (because it is familiar) and more to an unoccluded
Kellman & Shipley, 1991). Informally, relatability char- display containing unoccluded, separate pieces (because
acterizes boundary completions as smooth (differenit is novel).
tiable at least once) and monotonic (singly inflected). In a series of studies of 16-week-old infants, Kellman
Figure 3.6 gives some examples of relatable and nonrend Spelke (1983) found evidence that common motion
latable edges. These are illustrated both in occlusioof two object parts, visible above and below an occlud-
cases and in illusory figure cases (in which completedng object, led to infantsO perception of unity. After ha-
surfaces appear in front of other surfaces, rather thabituation to such a display, infants attend more to a
behind). Research suggests that interpolation of cormoving ObrokenO displayNtwo parts separated by a vis-
tours in occluded and illusory contexts depend on comible gapNthan to a moving complete display. This out-
mon mechanisms (Kellman et al., 2005; Kellman, Yin,come occurs no matter whether the two visible parts are
& Shipley, 1998; Ringach & Shapley, 1996). Comple-similar in orientation, color, and texture. Initial studies
menting the contour interpolation process is a surfacaised a common lateral translation (horizontal motion,
interpolation process. Correspondences in surface quaberpendicular to the line of sight), but later research in-
ity (e.g., lightness and color) can also unify visible areasglicated that vertical translation and translation in depth
(Grossberg & Migolla,1985; Kellman & Shipley, 1991; alsospecify object unity at 16 weeks (Kellman, Spelke,
Yin, Kellman, & Shipley, 1997, 2000). & Short, 1986). Translation in depth is especially in-
formative about the underlying perceptual process, be-
cause its stimulus correlates are mucliedént from the
other translations. Whereas translation in the plane (a

Partially Occluded Objects Illusory Objects K X X i i .
plare perpendicular to the line of sight) is given in
Relatable terms of image displacements at the retina or pursuit eye
maovements to cancel such displacements, translation in
% &{@ % 0 0 Q depth is specified by optical expansion or contraction in
P 00 0% o 0 u the objectOs projection or by changes in convergent eye

maovements as the object moves. The use of stimuli that
specify object translation in space suggests that infantsO
unity perception depends on regstd object motion,
not on a particular stimulus variable.

The class of motion relationshipsfeétive early in
life does not appear to encompass the full range of rigid
mations as defined mathematically. Rigid motions in-
clude all object displacements in 3D space that preserve

Figure 3.6 Relatable and nonrelatable edges. Connections di bi . fter habi .
(occluded surfaces or illusory surfaces between the two visiSP !Stan_ces among 9 Ject poiln.ts. After habituation to a
ble bars) are seen in the relatable displays, but not in the nofiotation display in which two visible parts rotate around

relatable ones. the line of sight, 16-week-olds geralizedhabituation

Non-relatable
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equally to rotating complete and broken displays (Eizeneondition. As in earlier research, dishabituation pat-
man & Bertenthal, 1998; Kellman & Short, 1987b). terns to unoccluded complete and broken displays after
Eizenman and Bertenthal (1998) found that 6-monthhabituation were used to assess perception of unity, and
olds perceived a rotating rod as complete only if it unthe test displays in each condition had the same motion
derwent a complete rotation (360 degrees) as opposed ¢baracteristics as ihabituation.
merely oscillated (90-degree rotation with reversal of Results indicated that only the infants in the conjoint-
direction). It appears that infantsO unity perception isnotion ®ndition perceived the unity of the partly
governed by a subset of rigid motions. occluded object. Analyses based on looking-time differ-
Further research revealed that perception of objeatnces suggested that infants in the conjoint-motion con-
unity is dependent on perceived object motion, notdition perceived object motion during their own motion,
merely retinal motion (Kellman, Gleitman, & Spelke, whereas observer-movement infants responded as if they
1987). Most experiments on motion relationships inperceived the occlush display as stationary. These re-
unity perception have used stationary observers andults suggest that the common motion or edge-insensitive
maoving objects. Many theorists have observed that cerprocess depends on perceived object motion. The out-
tain optical consequences of motion may be duplicatedome maks sense ecologically, in that rigid relation-
when a moving observer looks at a stationary objecships in truly moving visible parts are highly unlikely to
(Helmholtz, 1885/1925; James, 1890). The retinal diseccur unless the parts are actually connected. For optical
placement of a laterally moving objefdr example, may displacements caused by movement of the observer,
be duplicated by an observerOs head or body movementas asimilar distanes from the observer will share
while a stationary object is in the observerOs visuaimilar displacements, yet it is hardly the case that all
field. This similarity raises a crucial question about theobjects near each other are connected.
role of motion in object unyt Does perceived unity de- What are the origins of the edge-insensitive process?
pend on actual object motion or on certain opticalFrom findings that the motion relationships specify ob-
events, such as image displacement, that may be causgatt unity to infants before they actively manipulate ob-
by either observer mton or object motion? jects or crawl through the environment, Kellman and
Embedded in this question is another one, at least &pelke (1983) hypothesized that perceiving unity from
fundamental. Can infants tell the fifencebetween op- mation is accomplished by innate mechanisms. The hy-
tical changes caused by their own motion and thospothesis also reflects the ecological importance of com-
caused by the motions of objects? Recall this ability isnon motion information. Coherent motion is closely
called position constancy: perceiving the unchangingiedto the very notion of an object (Spelke, 1985), and
positions of objects in the world despite oneOs own m@emmon motion of visible areas has very high ecological
tion. Kellman et al. (1987) took up these questions in &alidity as a signifier of object unity (Kellman, 1993).
study of 16-week-olds. In each of two conditions, the in- The basis of unity perception in innate or early ma-
fantOs chair moved in a wide arc around a point betweéuring mechanisms is consistent with more recent stud-
the observer and occlusion displays in front. In one conies showing perception of unity by 2-month-old infants
dition (conjoint motion), the moving chair and a partly under conditions in which the block occluded less of the
occluded object were rigidly connected underneath theod than in traditional displays (Johnson & Aslin, 1995,
display table, so that they both rotated around a point i1996; Johnson & Nanez, 1995). Also, it has been found
between. In this condition, the objectOs motion was reahat he ability to perceive unity of partly occluded ob-
however, there was no subject-relative displacement.jects from common motion is innate in chicks (Lea,
Thus, no eye or head movements were required to mairglater, & Ryan, 1996).
tain fixation on the object. If perceiving the unity of this  Studies of human newborns, however, have not found
partly occluded display depends on real object motionevidence for perceived unity from common motion.
infants were expected to perceive unity in this condiSlater and his colleagues have shown a consistent prefer-
tion. In the other condition (observer movement) the obence for the complete rod following habituation to
saverOs chair moved in the same way, but the partlynoving rod-block displays (Slater, Johnson, Brown, &
occluded object remained stationary. If optical displaceBadenoch, 1996; Slater, Johnson, Kellman, & Spelke,
ment caused by observer motion can specify unity, in-1994; Slater, Morison, Somers, Mattock, Brown, & Tay-
fants were expcted to perceive a complete object in thislor, 1990). This finding suggests that newborn infants
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perceived the rod as broken during the habituationgrating as continuing behind the narrow occluder. In
phase, even though the size of the rod and depth separeontrast, when the spatial frequency was high (1.2 cpd;
tion of the rod and block was increased compared witbhe blak and white bars were narrow) and the occluder
that used with 4-month-olds (Slater, Johnson, Kellmanwas broad (4.17 degrees; HB in Figure 3.7), 3-week-olds
& Spelke, 1994) and when the block height was reducetboked significantly longer at a complete grating (CG)
and texture was added to the background to increase tlas opposed to a broken grating (SG). This finding sug-
available information specifying the depth relations gests that they perceived the high spatial frequency
(Slater, Johnson, Brown, & Badenoch, 1996). The impligrating as two separate regions. Further manipulations
cation of these findings is that newborns make theirevealed that there is an interaction between spatial fre-
perceptual judgments based on the visible parts of thguency and occluder width. Infants looked equally to the
displays, and they cannot make judgments about thewo test gratings when they viewed a high spatial fre-
parts of the visual array that are occluded. guency grating behind a narrow occluder (HN in Figure
Using a somewhat different stimulus, Kawabata,3.7) and when they viewed a low spatial frequency grat-
Gyoba, Inoue, and Ohtsubo (1999) have found at leasihg with a broad occluder (LB in Figure 3.7). In both of
one condition in which 3-week-old infants perceive athese conditions, infants provided ambiguous results re-
partly occluded region as complete. Instead of using thgardingwhether they perceived the gratings as complete
traditional rod-block display, they presented infantsor broken.
with drifting sine-wave gratings that were occluded by These several findings permit at least two explana-
either a narrow or broad (wide) central occluder. Whertions. One is that the use of common motion to specify
the spatial frequency of the grating was low (.04 cyclesbject unity arises by learning between 3 and 8 weeks of
per degree [cpd] of visual angle; that is, the black andife. This account would fit with classical empiricist no-
white bars were thick) and the occluder was narrowions about the starting point of perceptual development:
(1.33 degrees, LN in Figure 3.7) infants looked signifi-Infants may see visible patches but may have to con-
cantly longer at the broken test display (SG). This findstruct whde objects. One problem with this account is
ing suggests that they perceived the low frequencyhe learning mechanism. Both the findings of Kawabata
et al. (1999) at 3 weeks and s=al researchers at 8
weeks are inconsistent with any of the traditionally pro-
Habituation Displays posed means by which infants might learn about objects,

namely association of visual impressions with touch
Test Displays (e.g., Berkeley, 1709/1963) or with self-initiated action
(e.g., Piaget, 1954). Infants at these early ages do not
LN LB

walk, crawl, or even perform directed reaching. One can
imagine, however, purely visual forms of learning. Two

parts of an object seen at one time may emerge from be-
MMM«M SG cG hind an occluder, allowing learning of the rule about
common motion. This account, while imaginable, would
HN HB

have as its primary virtue minimizing what must be at-
tributed to innate or rapidly maturing capacities. Para-

Figure §.7 Habituation and test displays to test 3'Week'°|ddoxically, as Kellman and Arterberry (1998) noted, this
infantsO perception of unity. LN refers to the low-spatial fre-

quency display behind a narrow occluder. LB refers to Iow—aC(D_unt places a heavy ,b“rde” on innate concepts of
spatial frequency display behind a broad occluder. HN refer®nysics. To unlearn an incact perceptualule (two

to a high-spatial frequency display behind a narrow occluderinaving visible pieces are not connected) through later
HB refers to high-spatial frequency display behind a broad ocimages, the child must be constrained by an assumption
cluder. SG refers to Oseparate gratingO (analogous to a brokfgt it is impossible (or unlikely) for two pieces to have
rod). CG refers to Ocomplete gratingO (analogous to a CoWaan separate and subsequently to have merged.

plete rod). Source: OWisual Completion of Partly Occluded A | ibl fth findi is that i
Grating in Young Infants under 1 Month of Age,0 by H. Kawa- more plausible account of these findings iIs that in-

bata, J. Gyoba, H. Inoue, and H. Ohtsubo, 1998sion Re-  fant unity perception from common motion depends on
seard, 39,pp.3586D3591. Reprinted with permission. sensory capacities that are maturing in the first 8 weeks
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of life. Comnon motion may well be an unlearned prin- with the idea that perception of unity from common mo-
ciple of object perception, but using it requires accurateion is unlearned, awaiting only the development of
mapping of the direction and velocities of separatedmechanisms of direction ensitivity in the infantOs vi-
moving regions of the visual field. The preference for asual system.

complete rod after habituation in newborns may arise . )

from theirability to see motion (allowing segmentation Th? Edg_e—Sensmve Prpcess: Unity Based on Edge

of visible regions) but with pooridection andor veloc- Orientations and Relations

ity sensitivity. Recall our earlier consideration of theWhereas the edge-insensitive process is dependent only
emergence of directionalesisitivity in infant motion on motion relationships, the edge-sensitive process in-
perception. Programmatic work by Wattam-Bell (1991, volves completion based on spatial orientations and re-
1992, 1996a, 1996b) addressed the emergenceen-d lations of edges. These relations can be revealed in a
tional sensitivity and velocity perception in infants. static display or dynamically, over time, as when an ob-
Using both behavioral and elecptyysiological tech- serverviews a scene through shrubbery (Palmer, Kell-
niques, Wattam-Bell found no reliable visual evoked po-man, & Shipley, 2004). Thus the edge-sensitive process
tential (VEP) to reversals of motionirgction until includes object completion in stationary arrays as well
about 74 days of age. Behavioral discriminations of coas in dynamic ones where edge relationships are crucial,
herent from random motion in random dot displayssuch as kinetic occlusiomd kinetic illusory contours
showed no evidence of this discrimination in 1-month{Kellman & Cohen, 1984).

olds with either visual preference or habituation meth- Mostwork with infants on the edge-sensitive process
ods (Wattam-Bell, 1996a, 1996b). This discriminationhas involved static displays. In contrast to the perception
was found to be robust at 15 weeks and weakly present af unity from common motion, unity from edge relation-

8 weeks of age. ships in static displays does not appear during the first
Connecting these two lines of research, it appearkalf year of life (Kellman & Spelke, 1983; Slater, Mori-
that gerception of unity frontommon motdn in humans son, et al., 1990). The typical result is that after habitu-
is found at the same age that reliable discrimination oétion to a stationary, partly occluded display, infants
mation direction is first observed. This account fits show equal looking to the complete and broken test dis-
with the variation found with stimulus variables (e.g.,plays. Based on evidence that infants do encode the visi-
Kawabata et al., 1999), as directional selectivity is im-ble areas and are sensitive to occlusion (Kellman &
proving steadily through the period studied. It may notSpelke, 1983), this pattern has been interpreted as indi-
be a coincidence that the earliest use of common motiorating the perceiverOs neutrality about what happens be-

was found in studies using multiple, moving, orientedhind the occluder.
edges. Developing abilities to detect motioirettion By 6.5 months, infants perceive partly occluded ob-
may have been better engaged by such displays. jects as complete in the absence of kinematic informa-
In the absence of accurate encoding of motion direction, thus relying on static information. Craton (1996)
tion, it is not surprising that unity based on common mofound that 6.5-month-olds perceived a static rectangle
tion is not found in the human newborn. The evidence o&s unified when a bar occluded its center. However, in-
how motion sensitivity develops is hard to reconcilefants at this age provided no evidence of perceiving the
with a learning account of common motion as a determishape of the occluded region. When the removal of the
nant of perceived unity. Based on available evidencepccluder revealed a cross instead of a rectangle (the hor-
directional sensitivity and perceived unity appear atizontal piece of the cross had been completely hidden
about the same time. Whereas unit formation from combehind the occluder), infants younger than 8 months did
mon motion with the standard kinds of stimuli appearsnot show looking patterns indicative of surprise. At 8
around 8 weeks, the first discernible VEP to motion di-months of age, infants looked longer at the Ocross eventO
rection was eported at 74 days of age (Wattam-Bell,thanat the Ocomplete object event,O suggesting that be-
1992). In short, in addition to the question of what kindfore 8 months infants expected the partially occluded
of learning process could gerate unity perception at rectamle to be a single unit but were agnostic regarding
this age, there is no discernible interval during whichits specific form. Even when motion is present, such as
learning might occur. Available evidence is consistenthe case of a rectangle appearing out from either side of
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a central occluder, infantsO perception of unity appeavsith an objectOs views under occlusion contributes to
to precede their perception of form (van de Walle &this ability.
Spelke, 1996). In this case, 5-month-olds perceived the
rectamgle as unified but showed no evidence. of kn(_)WingPerception of Three-Dimensional Form
the shape of the occluded parts. Converging evidence
comes from studies of illusory contours, which appear toForm is among the most important properties of an
depend on the same underlying process (Kellman et algbject because it is closely tied to its functional possi-
1998). Infants of 7 months, but not 5 months, appear to bdilities. Representations of form are also primary in
sensitive to static and kinetic illusory contour displays triggering object recognition processes. Even when
(Bertenthal, Campos, & Haith, 1980; Kaufmann-Hayoz, some oher property of an object may be of greatest con-
Kaufmann, & Walther, 1988). cern to us, we often locate and recognize the object by
How does perceived unity from edge-sensitive pro-ts form. There are many levels of formNlocal surface
cess emerge? Maturation, learning, or some combindgepograhy, the two-dirensional projection of an object
tion are possible explanations. Granrud and Yonasesn from a stationary vantage point, and three-dimen-
(1984) suggested that pictorial depth cues appearingional (3D) form, to name a few. Arguably, it is the 3D
around 7 months of age might depend on maturation of orms of objects that are most important in human cog-
perceptual module, a finding boksted by exdence from  nition and behavior. Whereas the particular 2D projec-
macaque monkeys (Gunderson et al., 1993). It is possiion from an object varies with the observerOs position,
ble that edge-sensitive unity perception might be conthe objectOs arrangement in 3D space does not. Perceiv-
nected to tis emergence. It has been noted that theng the unchanging object given changing optical infor-
depth cue of interposition is closely related to boundarynation constitutes the important ability ahape
completion under occlusion (Kellman & Shipley, 1991). constancy.In addition to being of greatest significance
Another argument for maturational origins comes fromamong form concepts, 3D form also constitutes the
work on the neurophysiology of the edgeesmsitive greatest battleground in perceptual theory. Adults are
process (von der Heydt, Peterhans, & Baumgartneryersatile in their 3D form perception abilities, and each
1984). It appears that some edge-sensitive interpolatiomode of perceiving naturally suggests afeliént ac-
processes are carried out at very early stages of visuabunt of the development of 3D form perception (Kell-
processing, certainly as early as V2 and possibly V1, thenan, 1984). Adults can usually detect theral form
first visual cortical area (von der Heydt et al.,, 1984).of anobject from a single, stationary view. If the object
Models of early visual filtering at these levels typically is a familiar one, this ability is compatible with the idea
postulate operatins carried out by dedicated neural that anobjectOs 3D form is a collection of 2D views ob-
machinery in parallel across much of the visual field.tained from different vantagepoints, and any single
Althowgh learning explanations for such circuitry canview recalls the whole collection to mind (e.g., Mill,
be imagined, the existence of early paralletmgions 1865). On this account, 3D form develops from associat-
that cary outinterpolation is congenial to maturational ing experiences of different views, perhaps guided by
acounts. Other considerations suggest that learningctvity in manipulating objects (Piaget, 1954).
may play a role (e.g., Needham, 2001; see Cohen & Another way to get whole form from a single view is
Cashon, 2001b; Kellman, 2001; Quinn & Bhatt, 2001;to apoly general mles that extrapolate 3D form. Use of
Yonas, 2001 for related discussions). Of interest to porules would explain how we might see 3D forms of unfa-
tential learning accounts is recent work by Geisler andmiliarobjects from a single viewpoint. Gestalt psycholo-
cdleagues (Geisler, Perry, Super, & Gallogly, 2001).gists argued for unlearned, organizational processes in
Their work in analyzing naturacenes suggests that the the brain that serve this purpose. An alternative account
edge relationships described by contour relatability areof rules of organization was suggested by Helmholtz
highly diagnostic of visible edges that belong to unitary(1885/1925) and elaborated by Brunswik (1956). Per-
objects. Sue ecological facts, of course, might be rele-ceptual rules might be abstcted from experiences with
vantto both evolutionary and learning accounts of theobjects. These two accounts of perceptual rules that map
edge-sensitive process, but the relatively late onset 02D views into 3D objects make diametrically opposed
this ability at least makes it possible that experiencalevelopmental predictions. On the Helmholtz/Brunswik
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acount, these rules must be learned laboriously througlinfants may occur for either a novel form or a novel rota-
experiences in seeing objects from f#fent viewpoints  tion. To combat this problem, infants were habituated to
and manipulating them. On the Gestalt view, organizatwo alternating axes of rotation on habituation trials and
tional processes should enate as@on as the underly- tested afterward with famér and novel 3D objects in a
ing brain mechanisms are mature. third, new axis of rotation. This manipulation reduced
Several deades ago, a new and f#ifent analysis novelty responding for a changed rotation axis in the test
of 3D form perception emerged. Based on initial dis-trials. Sixteen-week-old infants tested with videotaped
coveries such as thé&inetic depth effec{Wallach &  displays showed the effects expected if 3D form was ex-
OOConnell, 1953) and later programmatic researdhacted from optical transformatis. When habituated
on structure-from-motion(e.g., Ullman, 1979), the tooneoftwo 3D objects, they generalizeltabituation to
idea is that perceived 3D form results from mechathe same object in a new rotation and dishabituated to a
nisms specifically sensitive to optical transformations.novel object in the same new rotation axis. Two control
Trarsformations in an objectOs optical projection ovegroups tested whether dynamic information was the
time, given by object or observer movement, are govbasis of response or whether generalization patterns
emed by projective geometry. These transformationgnight have come from 3D form perception based on sin-
provide information that can specify the 3D structuregle or multiple 2D views. In the two control groups, in-
of an object. Several theorists haveoposed that fants were shown sequential static views of the objects
human perceivers extract this ikd of information taken from the rotation sequences. Two numbers (6 and
using neural mechanisms specially evolved for thi4) of views were used along with two different dura-
purpose (J. Gibson, 1966; Johansson, 1970; Shepartions (2 seconds and 1 second per view); in neither static
1984). Such an arrangement makes sense for mobilgew case, however, were continuous transformations
organisms: The complexity and speed of human adubvailable as in the dynamic condition. Results showed no
perception of structure frommotion makes it seem un- hint of recognition of 30orm based on the static views,
likely that these abilities derive from gaal purpose indicating that 3D form perception in the dynamic case
mechanisms that encode motion properties andegah  was based on optical transformations.
purpose inference mechanisms that might have allowed Later research showed that this result occurs at 16
relevant regularities to be disared. weeks with moving wire frame objects having no sur-
face shading information, a finding that implicates the
importance of projective transformations of edges.
Research with human infants indicates that the mostMoreover, 3D form perception occurs when infants are
basic ability to perceive 3D form involves optical trans- moved arond stationary objects (Kellman & Short,
formations. This dynamic information indicates 3D form 1987a), indicating that projective transformations, not
as early as it has been tested, whereas other sources of @ject motions per se, provide the relevant information.
formation about form appear unusable by infants untiBy 8 weeks, infants perceive 3D form in kinetic random
well past the first half year. dot displays in which the relative motions of the dots
A method to separate responses to 3D form from recreate surfaces and the edges between them (Arter-
sponses to particular 2D views was developed by Kellberry & Yonas, 2000). Yonas et al. (1987a) showed that
man (1984). When an object is rotated, its projectior8BD form obtained from optical transformations could
contains optical transformations over time, but it alsobe recognized when form information was subsequently
might be registered as several discretesPBpshots. A given stereosapically. Paradoxically, transfer does not
way to separate 3D form from 2D views is to habituateseem to occur in the other diremtj that is, initial rep-
infants to an object rotating around one axis and test falesentations of 3D form do not seem to be obtained by
recognition of the object (by generalizationhatbitua- infants from séreosopic depth information in station-
tion) in a new axis of rotation. For a suitably asymmetri-ary viewing.
cal object, each new axis of rotation provides &edént
sd of 2D views, but providing there is some rotation in
depth, each conveys information about the same 3Borm percepton from optical transformation appears to
structure. A remaining problem is that dishabituation bybe a basic foundation of human perception. It appears

Optical Transformations in Infant Form Perception

Static Form Perception
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early and depends on information of great complexitywhose shape varies depends on the existence of con-
suggesting the existence of neural mechanisms evolvesiraints on the variation. A human body can assume
to map changing 2D projections onto 3D object repremany, but not unlimited, variations in shape; the class of
sentations. Another reason for regarding dynamic infor-possibilities is constrained by factors such as joints and
mation as fundamental is that other sources of fornrmusculature. A jellyfish may be even less constrained,
information do not seem to be usable in the early monthisut even it has a shape, defined as a constrained class of
of life. This picture of early form perception turns on itspossibilities, and characteristic deformations that de-
head the classical empiricist notion that psychologicallypend on its structure and composition. Some progress
an objectOs 3D form is a construction from stored colhas been made in the analysis of nonrigid motion and
lections of static views. processes that might allow us to perceive it (Bertenthal,
Earlier, we described two conditions in which se- 1993; Cutting, 1981; Hoffman & Flinchbaugh, 1982; Jo-
guences of static views evoked no representation of 3hansson, 1975; Webb & Aggarwal, 1982), but the prob-
form in 16-week-olds. This findingNinability to per- lems are difficult.
ceive 3D form from single or multiple static viewsNhas Whereas scientists have not succeeded in discovering
appeared consistently in research using real objects dhe rules for determining nonrigid unity and form, such
photographic slides, up to an age of 9 months (Kellmanrules appear to exist in the young infantOs visual process-
1984; Kellman & Short, 1987a; Ruff, 1978). The inabil- ing. In work with adult perceivers, Johansson (1950,
ity to extract 3D form from tatic views is perplexing 1975) pioneered methods for testing form and event per-
given that adults ubiquitously develop 3D form repre- ception from motion relationships alone. His use of
sentatons from single or multiple static views of ob- moving points of light in a dark surround, in the absence
jects. The one situation in which infants show some 3Dof ary visible surfaces, has become the method of choice
form perception fromstatic viewing involves recogni- in structure from motion research. When such lights are
tion of 3D forms that had previously been given kine- attached to the major joints of a walking person, adult
matically (Owsley, 1983; Yonas et al., 1987a). Perhapobsrversviewing the motion sequence immediately and
this task of detecting similarity to a previously obtained effortlessly perceive the lights as forming a connected
representation is simpler than developing a full 3D ob-walking person. Turning such a display upside down
ject representatiomitially by means of stat, binocu-  eliminates recognition of a human form (Sumi, 1984).
lar views. Alternatively, it could be a more general Studies of the development of perception of nonrigid
limitation of developing representations based on statiznity and form have been carried out by Bertenthal,
information. In studies of categorization, infants trans-Proffitt and their colleagues (Bertenthal, 1993; Berten-
fer information about object category from kinetic to thal, Proffitt, & Cutting, 1984; Bertenthal, Proffitt, &
static conditions but not vice versa (Arterberry & Born- Kramer, 1987; Bertenthal, Proffitt, Kramer, & Spetner,
stein, 2002). 1987). A basic finding is that when infants of 3 to 5
months are habituated to films of an upright walking
person, specified by light points, they subsequently
Both the concept and process of 3D form perception ardishabituate to an inverted display. This result suggests
easiest to understand in the case of rigid objects whosemelevel of perceptual organization, rather than appre-
forms do not change. Perception of rigid structure fromhension of the displays as containing meaningless, indi-
moation is well understood computationally in terms ofvidual points. The younger infants (at 3 months) may not
the projective geometry relating 3D structure, relativeperceive a person walking, however. Some later experi-
motion of object and observer, and transforming 2D opmentsused phase shifting of the lights to disrupt the
tical projections at the eye. Many objects of ordinary eximpression of a walking person. Three-month-olds dis-
perience, however, do not have rigid shape. In a movingriminated phase-shifted from normal walker displays
person, a point on the wrist and one on the waist do notvhether the displays were presented in an upright or in-
maintain a constant separation in 3D space. Nonrigidiverted orientation (Bertenthal & Davis, 1988), and they
ties may be given by joints, as in animals or people, budppear to process the absolute and relative motions
also by flexible substances, as in a pillow whose shapevithin a single limb (Booth, Pinto, & Bertenthal, 2002).
readily deforms. The possibility of perceiving or repre-Both 5- and 7-month-olds, in contrast, showed poorer
senting any useful information about shape for an objectliscrimination with inverted than with upright displays,

Nonrigid Unity and Form
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and 5-month-olds perceive relations among limbs ina situation where the surface has regular or stochasti-
walkers and runners (Booth et al., 2002). One interpre<cally regular texture (J. Gibson, 1950).
tation of these findings is that older infants, like adults, Among the most exciting developments in infant per-
perceive only the upright, normal phase displays as aception research has been the emerging conclusion that
walking person, so that disruption of the phase relationsome degree of sizeonstancyNthe ability to perceive
is salient for these displays. Because inverted displaythe mrrectphysical size of an object despite changes in
are not perceived as people, phase disruption is natiewing distance (and resulting changes in projective
so noticeable. On this line of reasoning, 3-month-oldssize)Nis an innate ability of human perceivers. Early
show perceptual organization of the displays but notesearch suggested that infants of about 4 months of age
classification of the upright displays as a walking persomperceive an objectOs constant physical size afefiént
(biomechanical motion. The younger infants are thus distances and show a novelty response to a feifent-
sensitive to diferences in upright or inverted displays. sized object, even when the novel object has a projective
Although a more direct measure of perception of asize similar to the previously seen object (Day &
walking person has been difficult to devise, the findingsMcKenzie, 1981). Studies of newborns have provided
suggest the attunement of the infantOs visual system éddence that size constancy may be present from birth.
certain nonrigid motion relationships. The basic sensi-Slater, Mattock, et al. (1990) tested visual preferences
tivity that allows detectin and encoding of motion rela- for pairs of identically shaped cubes of two real sizes
tions may begin much earlier than the point at which5.1 cm or 10.2 cm) at diérent distances (23 to 69n).
recgnition performance is measurable. Preferences fomfants preferred the object of larger retinal (projective)
moation patternsgenerated by a walking person or a handsize whenever it diered between the two displays. In
opening and closing have been demonstrated in 2 smnd experiment, infants were familiarized with
month-olds (Fox & McDaniel, 1982). either a large or small cube of constaysical size that
appeared at different distances (and varyingojective
sizes) across trials in the familiarization period. After
Earliest competence to perceive 3D form depends omamiliarization, infants were given a pad-preference
mechaisms that recover object structure from optical testbetween the large and small cube on each of two test
transformations. These abilities are present beforetrials. For the test trials, the large and small cubes were
abilities to extrapolate 3D structure from single views placed at distances gving them equal projective sizes.
of objects and also before the maturation of self-This projective size was novel, that is, the cube that had
locomation and directed reaching. Both rigid and been presented in familiarization was placed at a dis-
nonrigid motion relationships provide structural infor- tance & which it had not appeared earlier (61 cm away
mation to young perceivers. What we know about earlyfor the 10.2 cm cube and 30.5 cm away for the 5.1 cm
3D form perception fits the conjecture of ecological cube). Figure 3.8 illustrates the arrangements in famil-
views that perception of structure from motion de-iarization and test conditions. Every infanh £ 12)
pends on dedicated perceptual machinery developelboked longer at the object of novphysical size in the
over ewlutionary time (J. Gibson, 1966, 1979; Johans-test trials, and the percentage of test trial looking allo-
son, 1970; Shepard, 1984). cated to the novel object was about 84%. Other evidence
tends to support the conclusion that size constancy is
observable in neonates (Granrud, 1987; Slater & Mori-
son, 1985).
An object of constant real size projects a larger image on Research on newborn size perception has not ad-
the retina when it is close to the observer than when it idressed directly the geible mechanism(s) underlying
farther away. Perception of constant physical size can bewnstancy. This topic would seem to be an important one
achieved by runnip this geometry in reverse: From the for future research. There are not many possibilities,
projective size at the eye and information about dishowever. The objects in both the Slater et al. (1985) and
tance, the physical size of the object can be perceive@rarrud (1987) experiments hung in front of homoge-
(Holway & Boring, 1941). In some situations, relational neous backgrounds, precluding use of relational infor-
variables may allow moreickect perception of e, such mation potentially available when an object rests on a
as the amaut of ground surface covered by an object intextured ground surface. In the situations used, it would
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Familiarization (1872/1965) on facial expressions, and it continues to be
one of the most researched topics today. Key questions
pertain to how early in life infants perceive faces, infor-
mation infants obtain from faces (e.g., recognition of fa-
miliar people, gender, emotional expression), and what
processes underlie face perception.

Test Preference for Facelike Stimuli

@ Early work in infantsO face perception was concerned

C) with the question of when infants perceive faces and in

¥ @ particular, when they know that faces have a particular

sd of features arranged in a particular way. Fantz

Figure 3.8 Familiarization and tesdisplays used in a size _(1961) conducted on_e ofthe earliest demonstrations that
constancy experiment. Each infant was familiarized with ondnfants prefer facelike displays over other patterned
objectNeither a large (10.2 cm/side) or small (5.1 cm/side)stimuli. Further work using similar methods showed a
cubeNat seeral viewing distanes. The test pair consisted of consistent preference: Infants before 2 months of age

the large and small cube placed affeiient distancesl cm  ghowed no preference for a schematic versus a scram-
and 30.5 cm) to produce equal projective size. Object d'sbled face (see Maurer, 1985 for an early review). How-
tanceswere different from those used during familiarization. ! '

Source: OSize Constancy at Birth: Newborn InfantsO Re€VEr the results were not altogether clear. Complicating
sponses to Retinal and Real Size,0 by A. Slater, A. Mattockhestory was theuse of different methodologs and dif-
and E. Brown, 1990Journal of Experimental Child Psychol- ferent simulus types by diierent researchers. In addi-
ogy,49(2), pp. 314D322. Reprinted with permission. tion, at least one study did not fit this pattern: Goren,
Sarty, and Wu (1975) used a tracking paradigm and
appear that some information about egocentric distancehowed that newborn infants tracked a schematic face
that is, distance from the observer, must be combinedarther than a scrambled face or a blank faslgape.
with projective size to allow computation of real size.Replication of these results by Johnson, Dziurawiec,
Certain features of the experimental situations and newEllis, and Morton (1991; but see Easterbrook,
bornsO abilities suggest that binocular convergence is tKésilevsky, Muir, & Laplante, 1999) demanded a revi-
likely source of egocentric distance information (Kell-sion of the developmental story to include some face
man, 1995). Estimates of theegision of convergence perception abilities by newborn infants.
vary (Aslin, 1977; Hainline et al., 1992; Slater & Find-  Perceiving a face, particularly perceiving the internal
lay, 1975), but some data and an analysis of the requiretktails to recognize a face or to discriminate a scram-
precision of distancestimates needed to support sizebled face froma schematic face, requires a certain level
discriminations in the Slater et al. and Granrud experiof visual resolution on the part of the perceiver. Some
ments support this possibility (Hainline et al.,, 1992; research suggests that newborns lack adequate acuity or
Kellman, 1995). same other component of face processing to accomplish
the task. As mentioned, Kleiner (1987) suggested that
before 2 months of age, infantsO face preferences are
FACE PERCEPTION driven by amplitude spectréas derived from Fourier
aralysis). Consequently, infantsO early preferences for
Perhaps the most important class of objects in the infaces may not be driven by how a stimulus looks but by
fantOs world is people. Not only are people perceptuallsame rule about the population of frequency detectors.
very exciting for infants because they move, their mo-Using a clever manipulation, she presented infants with
tion is nonrigid, and they provide multimodal experi-faces that contained the phase and amplitude spectra of
ences; people are also important for ensuring tha face or a lattice (see Figure 3.9b), the phase of the lat-
well-being of the infant. It is not surprising, then, thattice and the amplitude of the face, and the phase of the
face perception is one of the oldest topics in infanface and the amplitude of the lattice. She found partial
perception, beginning with the writings of Darwin support for the sensory hypothesis. Newborn infants
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d using pairs of stimuli from three dérentlaboratories:
the upright and invertedonfig stimulus used by M. H.
2 C C "" "I Johnson, Dziurawiec, Ellis, and Morton (1991, see Fig-
ure 3.9a), mixed phase and amplitude spectra stimuli
from Kleiner (1987, see Figure 3.9b), and positive- and
negative-contrast faces from Dannemiller and Stephens
(1988, see Figure 3.9¢). In addition, they included a con-
trol stimulus to test for no preference (Figure 3.9c) and
"" a clear preference (Figure 3.9e). They found that new-
borns preferred theonfig stimulus over its inversion
and the amplitude spectrum of the face over the phase
spectrum of the face (Figure 3.9b), but newborns
showed no preference for the positive or negative con-
trast faces. Six-week-olds showed no preference for the

configdisplay or its inversion, a preference for the phase
of the face over the amplitude of the face, and no prefer-
L ence for the positive or negative contrast faces. Finally,

12-week-olds showed no preference betweenctmdig
Figure 3.9 Stimuli used by Mondloch et al. (1999) to study stimulus and its inversion, but they showed a preference
newborn, 6-week-old, and 12-week-old infantsO face perceffor the phase of the face over the amplitude of the face
tion. A, B, and C depict displays used previously (see text)gnd they showed a preference for the positive contrast
D and E are cqntrol stimulBource: OFace @rceptlondurl'ng over the negative contrast face. From these results
Early Infancy,O by C. J. Mondloch et al., 19P8ychological ~ ’
Science, 10pp. 419D422. Reprinted with permission. Mondloch et al. concluded that newbornsO preferences

are guided by both the visibility of the stimulus and its

resamblance to faces, and it is likely that newborns are
preferred the displays with the amplitude spectrum opredsposed to look toward faces. This explanation is
the face, although they showed the strongest preferensémilar to one proposed by Simion, Cassia, Turati, and
for the stimulus that hadoth the phase ahamplitude Valenza (2001). They suggest that newborn preferences
of the face. Two-month-old infants preferred the dis-aredetermined by the match between both the sensory
plays with the phasgpectra of the face. properties and the structural properties of the stimulus

A different explanation of the early data on face pro-and the constraints of the visual system. One other find-
cessing was proposed by Morton and Johnson (1991) andg worth mentioning is that 6- and 12-week-olds pre-
revised by M. H. Johnson (1997). Their account suggest&rredthe phase spectrum of a faceNthey looked more
thatthere are two mechanisms for face processing. Thatthe stimulus that looked like a face. These results sug-
first, called CONSPEC, underlies early face perceptiongest that face processing improves rapidly after birth,
This process is innate, and it allows newborn infants tahrough maturation or through experience with faces,
recognize structural information specifying con- consistent with (but a bit earlier) than the sequence pro-
specifics without exposure to specific stimuli. Infantsposed by Morton and Johnson (1991).
respond to facelike stimuli because they look like a These explanations for the early development of face
face; however, the structural information is very gen-{processing are sensitive to the nuances of some experi-
eral, such that crude representations of faces (e.g., thments, but they may yet understate the capabilities of
uprightconfigstimulus shown in Figure 3.9) can trigger nevborns. A number of startling findings have ap-
this process. Around 2 months of age, a second mechpeared, suggesting that newborn abilities go well beyond
nism emerges. This process, CONLERN, is dependenterely discriminating a schematic face from a scram-
on visual experiences with faces, and it leads to représled face. Infants just a few hours old are reported to
sentations of particular faces. discriminate their mothers from a stranger (Bushnell,
In anattempt to resolve some of the conflicting find- 2001; Bushnell, Sai, & Mullin, 1989; Pascalis, de Scho-

ings, Mondloch et al. (1999) conducted a preferencaen, Morton, Deruelle, & Fabre-Grenet, 1995), and they
study with newborns, 6-week-olds, and 12-week-oldsshow a preference for a#ictive faces over unattractive
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faces as older infants do (Rubenstein, Kalakanis, &endent of each other (OfeaturalO processing; e.g., Carey
Langlois, 1999; Slater, Quinn, Hayes, & Brown, 2000;& Diamond, 1977, 1994; Sergent, 1984). If and when in-
Slater et al., 1998). NewbornsO recognition of theifants are susceptible to this inversion effect (reduced
mothersmay be based on external features such as hairegnition of inverted faces) has gaated interest be-
line (Pascalis et al., 1995), but perception of attractive-cause of its implications for how infants may be process-
ness appears to rely on internal features and possibipg faces. Presenting stimuli upside down to infants has
their configuration (Bartrip, Morton, & de Schonen, been a procedure used by some researchers as a control
2001; Slater et al.,, 2000). The data onradtiveness for responding to specific features within a face (e.g.,
suggest that infants must process the internal features Bihrick, Netto, & Hernandez-Reif, 1998; Kestenbaum
faces to a fine level of detail. At this time, we do not& Nelson, 1990; Slater et al., 2000); however, farect
know how theydo it, either in terms of specific face tests of the inversion effect have been onducted.
perception mechanisms or general capacities of th&€ashon and Cohen (Cashon & Cohen, 2004; Cohen &
neonate visual system. Cashon, 2001a) habituated infants to two female faces.
They were tested with arfaliar face (o of the two
viewed in the habituation phase), a novel face, and a
combination face that consisted of the internal features
Beyond the newborn period, infants are sensitive to faef one of the habituation faces and the external features
cial information that may be useful for recognizing spe-of the other habituation face. For half of the infants, the
cific people, perceiving chacteristics of pedp, and faces were presented upright and for the other half the
for engaging in nonverbal communication. The ability tofaces were inverted. Across 3 to 7 months of age, infants
recognizea person across different views, or personshowed movement toward configural processing of up-
constancy, is an important skill because faces (and peoight faces, and this type of processing was clearly evi-
ple in general) aredynamic objects. Faces show differ- dent by 7 months of age (see Cohen & Cashon, Chapter
ing expressions, and infants have the opportunity to view, this Handbook, this volume, for a representation of
them from different perspectives. To recognize key peothese data). For inverted faces, at most of the ages
ple in their environment, infants must be able to pertested, infants showed no evidence of configural pro-
celve the constancy of a person despite proximatessing. An unexpected result was the lack of a monoto-
stimulus differences. One of the earliest studies of innhic change between 3 and 7 months in configural
fantsOperception of people across different views wasprocessing, a finding Cashon and Cohen (2004) attrib-
conducted by Cohen and Strauss (1979). In this studyte to generalinformation-processing strategies that are
infants were habituated to views of the same female anabt necessarily specific to face perception (see Cohen &
then tested with aenfaceview. Infants did not recog- Cashon, Chapter 5, thidandbook,this volume).
nize theenfaceview as the same person until 7 months In addition to recognizing particular faces, infants
of age. More recent studies have shown that babies mayay use information contained in faces to categorize
be able to recognize familiar faces (their mother but nopeople into classes, such as male and female. Perception
a stranger) in different viewgnface but not in profile, of gender by adults can be based on superficial cues,
as early as 1 month of age (Sai & Bushnell, 1988); anduch as hair length, facial hair, and makeup or on struc-
babies recognize faces across differing intensities of atural cues, such as the distance between the eye and
emotional expression, namely smiling, at least by Sorow (e.g., Bruce et al., 1993; Campbell, Benson, Wal-
months of age (Bornstein & Arterberry, 2003). lace, Doesbergh, & Coleman, 1999). InfantsO perception
Infants have the opportunity to view faces in manyof gender has been assessed in the context of categoriza-
perspectives, and certainly from angles fifent from tion tasks; infants are shown either male or female faces
those adults typically experience. Supine infants mayand are tested with a novel face of the same gender and
often see faces oriented at 90 degrees or even cora-novel face of the opposite gender. Using this proce-
pletely upside down. For adults and older children, in-dure, Leinbach and Fagot (1993) showed that infants
version of a face significantly disrupts recognition. This categorize gender by 9 months of age with the aid of su-
has been attributed to a processing strategy based on theficial features (stereotyped hair length and cloth-
relation between facial features (OconfiguralO processig). However, their findings were asymmetrical. Infants
ing) as opposed to processing the facial features inddrabituated to male faces looked significantly longer to
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the female face in the test phase but infants habituateddein and Arterberry (2003) habituated 5-month-olds to
to female faces did not. Quinn, Yahr, Kuhn, Slater, andlifferent inensities of smiling, from a slight upturning
Pascalis (2002) further explored this asymmetry andof the mouth to a full toothy grin, modeled by four fe-
found evidence that experience may have an influenceales. Following habituation, infants viewed a fifth fe-
on infantsO preferences for male or female faces. In theirale modeling a never-before-seen mid-range smile and
study, 3- to 4-month-old infants were familiarized to a sixth female modeling a fearful expression. Infants
either male or female faces and then tested for a prefeleoked significantly longer to the fearful expression sug-
ence for a novel same gender face or a novel oppositgesting that they categorized the facial expression of
gender face. Infants familiarized to male faces presmiling and treated the new smiling exemplar as fitting
ferred the female face, but infants familiarized to fe- within that category. Other findings show that infants as
male faces did not show a preference for the male facgoung as 3 months discriminate different intensities of
When Quinn et al. presented infants with the male andmiling (Kuchuk, Vibbert, & Bornstein, 1986), and at
female test pairs without the familiarization phase, indeast by 6 months infants discriminatefdifent inensi-
fants showed a strong preference for the female facesies of frowning (Striano, Brennan, & Vanman, 2002).
This preference dipped only slightly when the hair wasTo dag, little attention has been paid to the role of expe-
covered. When Quinn et al. recruitédfants who had a rience and infantsO perception of facial expressions.
male primary caregiver, a preference for male faceslowever, Striano et al. found some relationship between
emerged. Finally, Quinn et al. familiarized infants, who6-month-old infantsO preferences for smile and frown in-
had female primary caregivers with male or femaletensities based on symptoms of depression in their
faces and then tested them with a novel and familiamothers, and Montague and Walker-Andrews (2002)
face of the same gender that was presented in the famibund that 3.5-month-olds can match the voice and fa-
iarization phase. Infants familiarized to female facescial expression (sad, happy, and angry) of their mothers,
showed a preference for the novel female face, suggedtut not of their fathers or an unknown male or female.
ing that they remembered the familiar female face. In-
fants familiarized to male faces.s_howed equal a_moumﬁlechanisms of Face Perception
of attentionto the novel and familiar male faces in the
testphase. Quinn et al. concluded that infantsO caregiv&esearchers have made considerable progress document-
experience provides them with the opportunity to learning early infant face perception abilities. Given the wide
the details that define individual female faces relative tarray of recent findings, we may reconsider what possi-
male faces. This may be the first study to indicate théle mechanisms could underlie these abilities. There is
role of experience in infantsO face perception. strong evidence that infants are predisposed to attend to
Faces also convey information about emotional statesaces. Some claim this predisposition is the result of an
through facial expressions. Facial expressions may playnate representation for faces (e.g., Slater et al., 1998,
an important role in communication for the nonverbal 2000), whereas others claim it is the result of a quick
infant (e.g., Rochat, 1999; Russell & Fernandez-Dolslearning process (e.g., Bednar & Miikkulainen, 2003;
1997), and infants have the opportunity to experience Bushnell, 2001). Advances in neuroimaging and electro-
variety of facial expressions. Moreover, there is evi-physiological techniges have provided researchers with
dence of similar expressions appearing in child-adult inthe opportunity to identify areas of the nervous system
teractbns across cultures (Chong, Werker, Russell, &hatare involved with face perception (e.g., Gauthier &
Carroll, 2003). Consequently, perception and discrimiNelson, 2001). Key areas that have been identified are
nation of emotional expressions become crucial for inthe middle fusiform gyrus in the right hemisphere for
fants to be engaged social partners. perception of upright faces (Kanwisher, McDermott, &
Infants between 5 and 7 months of age show evidendghun, 1997) and the amygdala for perceiving facial ex-
of discrimination of the facial expressions of happinesspressions (Whalen et al., 1998). Work with nonhuman
anger, fear, andsurprise (Bornstein & Arterberry, primates has identified face-responsive cells in the infe-
2003; Kestenbaum & Nelson, 1990; Ludemann & Nel-rior temporal cortex (e.g., Rolls & Baylis, 1986). Expla-
son, 1988; Serrano, Iglesias, & Loeches, 1992). Morenations for the development of face perception abilities
over, theyare able to categorize one or more of thesein infants have to greater and lesser degrees been linked
expressions across different people. For example, Bornto thes neurophysiological findings.
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Several proposals have been advanced. One is thatataracts resulted in significant and apparently perma-
face processing in infants shows a right hemispheric adientimpairment in face processing later in life (Geldart,
vantage with implication of the fusiform gyrus (e.g., Mondloch, Maurer, de Schonen, & Brent, 2002).
Deruelle & de Shonen, 1991). These areas develop more More wak is neededo fully understand the underly-
quickly in the right hemisphere than in the left, and ex-ing mechanisms of face perception. A commonality
perience with faces contributes to the specialization ofamong emerging explanations is a role for experience in
this area for face perception. A second explanation prathe tuning of face perception abilities.
posed by Johnson and his colleagues (e.g., Morton &

Johnson, 1991) is that the two proc.esses, CONSPE'C aHSONCLUSION
CONLERN, are subserved by different mechanisms.
They claim that CONSPEC is a subcortical process in-

Vi h i licul d that CONLERN i In this concluding section, we touch on a few issues rel-
vo V.mg the supe-rlor C,O Icuius qn t at. IS @evart to all the research we have described. We draw
cortical process involving the primary visual cortex. The

| ¢ CONLERN ref| h . ~“sameconclusions about levels of analysis in research on
ater emergence o reflects t ematuratlonaberoeptual development, identify some priorities for

constraints of these greas. ) o . future work, and consider the consequences of what
Nelson (2001) provides a third possibility. Relying on has already been learned for understanding the devel-
speech perception as a model, he proposes that face peor[)ment of perception

ception abilities initially are responsive to a wide vari-

ety qf facelike stimu_li., _including face_s from other Levels ofAnalysis

species, and these abilities are tuned with age as a result

of specific experiences. The development of speech peResearch in infant vision involves work at different lev-
ception begns with some specific skillsNinfants recog- els of analysis. Ordinarily, this idea would bdesed in

nize their mothevoice, and they disiminate a range anintroduction, but perhaps it is easier to see looking
of speech sounds. More impressive is that young infantdack at the research we have surveyed (for a more ex-
are able o discriminate speech sounds (Ononnativeensive discussion of levels, see Kellman & Arterberry,
speech contrastsO; Werker, 1994) that adults in their ed998, chap. 1; Marr, 1982). Consider the issues about
vironment cannot. The ability to discriminate nonnative kinematic information in early perception. We de-
speech contrasts diminishes with exposure to languagecribed relations in optical transformations, such as
and infantsO speech perception abilities are generallgnotion perspective, that underlie perception of 3D
tuned b their linguistic environment by 10 to 12 months form, and accretion andeletion of texture, which pro-

of age. In other words, there is a perceptual window thatvides information about relative depth. The description
narrows throughout the 1st year of life depending on ex-of perceptual tasks, such as seeing form and depth, and
perience. Nelson suggests a similar fine-tuning of facethe information that allows perception to occur, has
perception abilities. For example, young infants are bet-been called theomputational (Marr, 1982) orecologi-

ter than adults in recognizing faces of monkeys, an adcal (Kellman & Arterberry, 1998) level of analysis.
vantage thadecreases across the 1st year of life (deMorecrucial than thespecific name used is the realiza-
Haan, Pascalis, & Johnson, 2002; Pascalis, de Haan, &on that understanding vision (and other information-
Nelson, 2002). Nelson also cites other areas of face proprocessing tasks) begins with an account of the task to
cessing, such as the Oother raceO effect (e.g., OOTobke,achieved and the information and constraints that
Deffenbacher, Valentin, & Abdi, 1994) and the inversion make it possible. In infant vision, we ask whether and
effect, as examples of the fine-tuning of face perceptionhow information in reflected light allows infants to see
Further relying on the speech perception model, Nelsorobjects, motion, and the layout of space.

(2001) suggests that neural tissue has the potential to be- Information at a second levelNthe level of represen-
come sgcialized for face perception, and the nature oftation and processNinvolves the ways that information
this specialization depends on specific experiencesis represented and transformed. Whereas the ecological
Support for this idea comes from studies of children andlevel describes how information is manifest in the world,
adults who were born with cataracts: Visual deprivationthe level of representation and process describes infor-
during the first 7 weeks of life due to congenital mation processing inside the perceiver. Investigations of



the common motion process in infant perception of ob-
ject unity is an example of work that addresses informa-
tion processing in early perception; evidence showing
the combining of distance information with retinal size
or motion is another. As we note below, infant percep-
tion research has been far more successful at revealing
the sensory and perceptual capabilities of infants than at
probing detailed processes and representations.

Finally, many of the findings we have reviewed involve
the biological mechanisms that carry out perceptual in-
formation processing. To encompass both human and ar-
tificial systems, Marr (1982) called this level the level of
hardware implementation. For humans, the question is
about biological mechanisms (as opposed to silicon and
germanium chips that might process stereoscopic dispar-
ities in a computer vision system). Work on the matura-
tion of retinal receptors, on color vision mechanisms,
neurological regions implicated in face perception, and
on the maturation of stereoscopic depth perception are
all examples of work primarily at the level of biological
mechanism.

Itis a relatively recent realization that all three levels
must be addressed to understand visual perception. This
understanding, which applies to information processing
phenomena in general, owes much to the work of J. Gib-
son (1966, 1979), who emphasized the study of the in-
formation available for perception. Although seldom
explored, Gibson’s work has important parallels with
the work of Chomsky (e.g., 1965, 1980) who empha-
sized that the structure of language is an object of study
in its own right and that this study is an important start-
ing point of linguistic analysis. For Gibson, the structure
to be uncovered exists in the physical world; for Chom-
sky, it is in language. Most directly, however, the frame-
work of three levels we have presented here derives from
Marr (1982).

The need for multiple levels of analysis has been dis-
cussed extensively elsewhere, so here we merely note
some of the important implications. One is that the lev-
els are relatively independent of each other. Finding
data that disconfirm a particular neural model does not
invalidate an accompanying algorithm or ecological the-
ory. Another is that one cannot simply catalog the
anatomy and neurophysiology of the optical pathways
and brain structures and expect to understand vision
(Marr, 1982). One might catalog indefinitely many
properties of neural structures but understand their
functions only when these are tied to a particular task,
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process, and representation. One of Marr’s (1982) fa-
vorite examples was the relation between a bird’s feath-
ers and the laws of aerodynamics. It would be foolish to
believe that the laws of aerodynamics could have ever
been derived from an intensive study of feathers. In
fact, the flow of understanding runs in the opposite di-
rection. Knowing something about aerodynamics helps
us understand what feathers are doing on birds. Without
understanding the demands of flight, we could aimlessly
record many details of feathers and note their presence
on birds as a curiosity.

Finally, an encouraging trend in the cognitive and
neural sciences is an improved ability to understand re-
lations among facts at the three levels. Although a com-
plete understanding of the task, information, processes,
and mechanisms is not in hand for any domain of infant
visual perception, considerable progress is being made
on each level, and on their relationships.

Hardwiring versus Construction in
Visual Development

As mentioned, one reason for long-standing interest in
infant visual perception is to help understand the contri-
butions of nature and nurture in the development of the
mind. Although many important questions remain, we
can make some global statements about the origins of vi-
sual abilities. Vision develops from innate foundations.
The basics of many visual abilities can be discerned at
birth, and some others appear to unfold according to a
maturational program. Input from the environment may
play a role in refining or calibrating many visual func-
tions, and it may yet turn out to be the driving force in
the development of a few.

These general statements contradict a long history in
philosophy, psychology, and cognitive science in which
the dominant view of perception’s origins has been that
it emerges gradually through a constructive process,
shaped largely by external input. The development and
ingenious application of methods for studying early per-
ception, over the past several decades, have produced
this radical change in perspective in understanding vi-
sion. When we look at basic visual sensitivities, such as
sensitivity to orientation and pattern, we see that in-
fants’ capabilities do not match those of adults, but are
clearly present to some degree at birth. Other basic com-
ponents of visual sensitivity, such as sensitivity to mo-
tion direction, appear over the first 6 to 8 weeks of life,
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a period during which rapid brain maturation occurs
and most visual sensitivities improve markedly.

Most interesting for general accounts of how percep-
tion works is the story of early perceptual abilities. Re-
search on infant vision indicates that infants attend from
birth to faces, and they show some face recognition abil-
ities in the first few days of life (Bushnell, 2001; Bush-
nell et al. 1989). Under at least some conditions, they
perceive the shapes and sizes of objects despite varia-
tions in their depth and slant (Slater et al., 1990). These
findings refute theories claiming that perception of the
third dimension and perception of objects are hard-won
developmental acquisitions dependent on associative
learning. Perception of a 3D world of objects, surfaces,
and events appears to be the starting point, not the re-
sult, of early perceptual contact with the world (Kell-
man & Arterberry, 1998).

Propelled in part by interest in connectionist net-
works, there has been a resurgence in recent years of
strongly empiricist views of development (e.g., Elman
et al., 1996). One often encounters one or another ver-
sion of the claim that the human visual system “gets
wired up by experience,” much as the weights in a con-
nectionist network change by interacting with input pat-
terns (e.g., Purves & Lotto, 2003, although these
authors acknowledge that initial architecture providing
basic sensitivities, such as orientation, is innate). Evi-
dence of early-appearing abilities, such as face percep-
tion, tend to be interpreted as “nonrepresentational” or
as attentional biases that can lead to rapid learning
(Elman et al., 1996).

Although perceptual learning is important through-
out the life span (see Kellman, 2002, for a review), the
basic issue of whether perceptual systems reveal a
meaningful reality from birth appears to have a positive
answer. These abilities seem to pass the tests required of
true perceptual knowledge and implicate capacities to
represent objects, space, and events (Kellman & Arter-
berry, 1998). The findings about early perception rule
out the time-honored idea that perceptual reality is ini-
tially constructed from experience and also casts doubt
on the idea that early experience consists of “image
schemas” or some other product that falls short of repre-
senting aspects of the world. Meaningful perception op-
erates from birth.

This global conclusion may revolutionize our view of
early development, but it should not obscure the com-
plexities of infant vision. In one domain after another—

in pattern perception, space perception, object percep-
tion, and face perception, to name a few—we see a sim-
ilar picture: Certain kinds of information are usable by
infants much earlier than others. The infant has percep-
tual contact with a 3D world from birth, but does not use
pictorial depth cues until 6 to 7 months of age. Percep-
tion of object unity from motion can be found in experi-
ments as early as the infant has basic motion direction
sensitivity, but the value of edge relatability in produc-
ing perceived unity cannot be demonstrated until later.
Moreover, most aspects of sensitivity in the infant’s vi-
sual system improve for many months after birth or first
appearance. Many of these changes are not yet well un-
derstood. There are ample ways in which both matura-
tion and the effects of external signals in tuning neural
circuitry could be involved. Some acquisitions may even
fit the classic paradigm of cue learning, such as the
depth cue of familiar size.

Future Directions

In the fifth edition of this Handbook, the final paragraph
of the chapter on infant visual perception began “Fur-
ther progress in understanding the characteristic pace
and sequencing of visual abilities will require a deeper
understanding of processes and mechanisms.” This
statement remains true and suggests some of the most
difficult challenges in the field. Obtaining a description
of early perceptual abilities, once thought to be scientif-
ically impossible, has turned out to be easier than
obtaining detailed insight into the processes and mecha-
nisms of development. Understanding the computations
and neural bases underlying specific visual abilities,
and discovering the contributions of maturation and
learning that build on the infant’s early endowment, are
among the highest priorities for future research.
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