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The purpose of vision is to obtain information about
the surrounding environment so that we may plan ap-
propriate actions. Consider, for example, a stroll on the
beach vs. a hike in the Grand Canyon (Figure 14.1). Both
activities involve locomotion, but each places very dif-
ferent demands on the perceptual and action systems, in-
cluding the visual system. In the case of the stroll, the
beach is wide, there are few obstacles and little risk. In
the case of the hike, in contrast, the path is narrow; rocks,
vegetation, and abrupt precipices must be avoided. To
remain safe, the hiker must know what the risks are,
and this invariably involves knowing what objects there
are in the visual scene. The importance of accurate per-
ception of our surroundings is attested by the allotment
of cortical tissue devoted to vision: By some estimates,

over 50% of the cortex of the macaque monkey (a phylo-
genetically close cousin to Homo sapiens) is involved in
visual perception, and there are perhaps 30 distinct
cortical areas that participate in visual or visuomotor
processing (Felleman and Van Essen, 1991; Van Essen
et al., 1992).

This chapter reviews theory and data concerning de-
velopment of the human visual systemwith an emphasis
on object perception. As will be seen, infants are pre-
pared to see objects and understand many of their prop-
erties (e.g., permanence, coherence) well in advance of
locomotion, so that by the time infants begin to crawl
and walk, they have a good sense of what and where ob-
stacles might be, even if the hazards these objects pose
remain unknown.
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There is much else to learn. Visual scenes, for exam-
ple, tend to be very complex: a multitude of overlapping
and adjacent surfaces with distinct shapes, colors, tex-
tures, and depths relative to the observer. Yet our visual
experience as adults is not one of incomplete fragments
of surfaces, but instead one of objects, most of which
have a shape that can be inferred from partial views
and incomplete information. Is the infant’s visual system
sufficiently functional and organized to make sense of
the world from the onset of visual experience at birth,
able to bind shapes, colors, and textures into coherent
forms, and to perceive objects as regular and predictable
and complete across space and time? Or does the infant’s
visual system require a period of maturation and expe-
rience within which to observe and learn about the
world?

These ‘nature versus nurture’ questions begin to lose
their steam when the details of visual development are
examined and explained, because visual development
stems from growth, maturation, and experience from
learning and from action; all happen simultaneously
and all influence one another. Infants free of disability
or developmental delay are born with a functional visual

system that is prepared to contribute in important ways
to learning, but incapable of perceiving objects in an
adult-like fashion. Developmental processes that lead
to mature perception and interpretation of the visual
world as coherent, stable, and predictable are an area
of active investigation and are only beginning to be
understood.

14.1 CLASSIC THEORETICAL ACCOUNTS

Discussions of the nature versus nurture of cognitive
development are entrenched and persistent. Such dis-
cussions are particularly vigorous when concerning in-
fant cognition and have tended to be long on rhetoric
but short on evidence, in part because the evidence
has been, until recently, relatively sparse. Research on vi-
sual development, in contrast, has tended to focus on de-
velopmental changes in neural mechanisms, with much
of the evidence coming from animal models (Kiorpes
and Movshon, 2004; Teller and Movhson, 1986). Re-
search on human infants’ visual development has often
been motivated by two theoretical accounts, each of
which considers seriously both the starting point for
postnatal development and the mechanisms of change
that yield stable, mature object perception: Piagetian the-
ory and Gestalt theory.

14.1.1 Piagetian Theory

The first systematic study of infants’ perception and
knowledge of objects was conducted by Jean Piaget in
the 1920s and 1930s (Piaget, 1952/1936, 1954/1937).
According to Piaget, knowledge of objects and space de-
veloped in parallel, and were interdependent: One can-
not perceive or act on objects accurately without
awareness of their position in space relative to other ob-
jects and to the observer. Knowledge of the self and of
external objects as distinct, coherent, and permanent en-
tities grew from active manual search, initiated by the
child. When the child experiences her own movements,
she comes to understand them as movements of objects
through space and applies the same knowledge tomove-
ments of other objects.

Initially, prior to any manual action experience, in-
fants understand the world as a ‘sensory tableaux’ in
which images shift unpredictably and lack permanence
or substance; in an important sense, the world of objects
that we take for granted does not yet exist. Active search
behavior emerges only after 4 months and marks the be-
ginnings of ‘true’ object knowledge. Over the next few
months, infants reveal this knowledge, for example, by
following the trajectory of thrown or dropped objects,
and by retrieval of a desired object from under a cover

FIGURE 14.1 Two visual scenes.
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where it had been seen previously. Later in infancy, in-
fants are able to search accurately for objects even when
there are multiple potential hiding places, marking the
advent of full ‘object permanence.’

Piaget placed more emphasis on the importance of
manual search for developmental changes in object per-
ception than visual skills, yet the lessons from his theory
for questions of development of the visual system could
not be more relevant. Upon the infant’s first exposure to
patterned visual input, he does not inhabit a world of ob-
jects, but rather a world of disconnected images devoid
of depth, coherence, and permanence. Building coherent
things from these disconnected images comes from ac-
tion and experience with objects over time.

14.1.2 Gestalt Theory

Piagetian theory can be contrastedwith a coeval, com-
peting account. The Gestalt psychologists, unlike Piaget,
were not strictly developmentalists, but they did have
much to say about how visual experiencemight be struc-
tured in the immature visual system. They suggested
that subjective experience corresponds to the simplest
and most regular interpretation of a particular visual ar-
ray in accord with a general ‘minimum principle,’ or
Prägnanz (Koffka, 1935). The relatively basic shapes of
most objects are more coherent, regular, and simple than
disconnected and disorganized forms. The minimum
principle and Prägnanz were thought to be rooted in
the tendency of neural activity toward minimum work
andminimum energy, which impel the visual system to-
ward simplicity (Koffka, 1935).

The minimum principle is a predisposition inherent
in the visual system, and so it follows that young infants
should experience the visual environment as do adults.
In one of the few sections of Gestalt writings to focus on
development, a ‘primitive mentality’ was attributed to
the human infant (Koffka, 1959/1928; Köhler, 1947), im-
plying that one’s perceptual experience is never one of
disorganized chaos, no matter what one’s position in
the lifespan. Hebb (1949) noted, in addition, the neo-
nate’s electroencephalogram was organized and some-
what predictable, perhaps reflecting organized sensory
systems at birth and serving as a stable foundation for
subsequent perceptual development. Gibson (1950) sug-
gested that visual experience begins with ‘embryonic
meanings,’ a position echoed by Zuckerman and Rock
(1957), who argued that an organized world could not
arise from experience in the form of memory for previ-
ously encountered scenes and objects, because experi-
ence cannot operate in an organized fashion over
inherently disorganized inputs. Necessarily, therefore,
the starting point of visual organization is inherently or-
ganized. Like Piaget, Gestalt psychologists proposed

that development of object perception per se involved
active manual exploration, which imparts additional
information about specific object kinds (Koffka, 1959),
but the starting point for visual experience is necessarily
quite different on the two accounts. On the Gestalt view,
perceptual organization precedes object knowledge;
on the Piagetian view, object knowledge and perceptual
organization develop in tandem.

Piagetian andGestalt accounts specify a starting point
for postnatal development, and each has particular
views about how development of the infant’s visual
world might proceed. Neither account is wholly on
one side of the nature–nurture issue, and both accounts
have offered testable predictions that have guided sub-
sequent research, and aswill be seen later in this chapter,
both accounts have influenced important research on ob-
ject perception in infants. Yet neither can be taken as
complete, in part because neither took a sufficiently com-
prehensive approach to vision. A quote from Gibson
(1979) helps explain why this is so: The visual system
comprises “the eyes in the head on a body supported
by the ground, the brain being only the central organ
of a complete visual system. When no constraints are
put on the visual system, we look around, walk up to
something interesting and move around it so as to see
it from all sides, and go from one vista to another”
(p. 1). Vision is not passive, even in infancy; at no point
in development are infants simply inactive recipients
of visual stimulation. Instead, they are active perceivers,
and active participants in their own development,
from the beginning of postnatal life (von Hofsten,
2004). Young infants do not have all the action systems
implied by Gibson’s quote at their disposal, but eye
movements are a notable exception, and as will be seen
in a later section, there are strong reasons to suspect a
critical role for oculomotor behavior in cognitive
development.

14.2 PRENATAL DEVELOPMENT OF THE
VISUAL SYSTEM

The mammalian visual system, like other sensory and
cortical systems, begins to take shape early in prenatal
development. For example, in humans, the retina starts
to form around 40 days postconception and is thought to
have a relatively complete set of cells by 160 days,
though the growth of individual cells and their lattice-
like organization characteristic of mature structure con-
tinue to develop well past birth (Finlay et al., 2003). The
distinction between foveal and extrafoveal regions (viz.,
what will become thalamus and cortex) is present early;
like the retina, the topology and patterning of receptors
and neurons continue to change throughout prenatal de-
velopment and the first year after birth. Foveal receptors
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are overrepresented in the cortical visual system, and de-
tailed information about different parts of the scene is
enabled by moving the eyes to different points (see
Section 14.4.3). The musculature responsible for eye
movements develops before birth in humans, as do sub-
cortical systems (e.g., superior colliculus and brainstem)
to control these muscles (Johnson, 2001; Prechtl, 2001).

Many developmental mechanisms are common
across mammalian species, including humans, though
the timing of developmental events varies (Clancy
et al., 2000; Finlay and Darlington, 1995). Data from
humans are sparse, but the few cases where deceased
embryos and fetuses are available demonstrate that
many major structures (neurons, areas, and layers) in vi-
sual cortical and subcortical areas are in place by the end
of the second trimester in utero (e.g., Zilles et al., 1986).
Later developments consist of the physical growth of
neurons and the proliferation and pruning of synapses,
which is, in part, activity dependent (Greenough et al.,
1987; Huttenlocher et al., 1986).

14.2.1 Development of Structure in the Visual
System

The visual system consists of a richly interconnected
yet functionally segregated network of areas specializing
in processing different aspects of visual scenes and visu-
ally guided behavior: contours, motion, luminance,
color, objects, faces, approach versus avoidance, and
so forth. Areal patterns are present in a rudimentary
form during the first trimester, but the final forms con-
tinue to take shapewell after birth; like synaptic pruning,
developmental processes are partly the result of experi-
ence. Some kinds of experience are intrinsic to the visual
system, as opposed to outside stimulation. Spontaneous
prenatal activity in visual pathways contributes to reti-
notopic mapping (Sperry, 1963) and the preservation
of sensory structure, beginning in the retina and extend-
ing through the thalamus, primary visual cortex, and
higher visual areas. Waves of coordinated, spontaneous
firing of retinal cells have been observed in chicks and
ferrets (Wong, 1999). Waves travel across the retinal sur-
face and are then systematically propagated through to
the higher areas. This might be one way by which corre-
lated inputs remain coupled and dissimilar inputs be-
come dissociated, prior to exposure to light.

As soon as neurons are formed, find their place in cor-
tex, and grow, they begin to connect to other neurons.
There is a surge in synaptogenesis in visual areas around
the time of birth and then a more protracted period in
which synapses are eliminated, reaching adult-like
levels at puberty (Bourgeois et al., 2000). This process
is activity dependent: Synapses are preserved in active
cortical circuits and lost in inactive circuits. Auditory

cortex, in contrast, experiences a synaptogenesis surge
several months earlier, which corresponds to its earlier
functionality relative to visual cortex (viz., prenatally).
Here, too, pruning of synapses extends across the next
several years. (In other cortical areas, such as frontal cor-
tex, there is a more gradual accrual of synapses without
extensive pruning.) For the visual system, the addition
and elimination of synapses, the onset of which coin-
cides with the start of visual experience, provides an im-
portant mechanism by which the cortex tunes itself to
environmental demands and the structure of sensory
input.

14.3 VISUAL PERCEPTION IN THE
NEWBORN

Human infants are born with a functional visual sys-
tem. The eye of the newborn is sensitive to light, and if
motivated (i.e., awake and alert), the baby may react to
visual stimulationwith head and eyemovements. Vision
is relatively poor, however: acuity (detection of fine de-
tail), contrast sensitivity (detection of different shades of
luminance), color sensitivity, and sensitivity to direction
of motion all undergo improvements after birth (Banks
and Salapatek, 1983). The field of view is also relatively
small, so that newborns often fail to detect targets too far
distant or too far in the periphery. In addition, as far as
we know, neonates lack stereopsis, perception of depth
from binocular disparity (differences in the input to the
two eyes). Maturation of the eye and cortical structures
(see previous section) supports developments in these
visual functions, and learning plays an important role
as well, as discussed in greater detail in Section 14.5.

14.3.1 Visual Organization at Birth

Testing newborn infants is not for the faint of heart.
Success is entirely dependent on the baby’s mood; this
is at its most capricious early in postnatal life, and there
is no predicting neonate behavior. Having said this, a
number of patient scientists have conducted careful
experiments with neonates; these experiments have
revealed that despite relatively poor vision, neonates ac-
tively scan the visual environment. Early studies, summa-
rized by Haith (1980), revealed systematic oculomotor
behaviors that provided clear evidence of visual organiza-
tion at birth. Newborns, for example, will search for pat-
terned visual stimulation, tending to scan broadly until
encountering an edge, at which point scanning narrows
so that the edge can be explored. Such behaviors are
clearly adaptive for investigating and learning about
the visual world.
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In addition, newborn infants show consistent visual
preferences. Fantz (1961) presented newborns with
pairs of pictures and other two-dimensional (2D) pat-
terns and recorded member of the pair which attracted
the infant’s visual attention, which he scored as propor-
tion of fixation times per exposure. Infants typically
showed longer looking at one member of the pair:
bull’s-eyes versus stripes, or checkerboards versus
solid forms, for example. Visual preferences have
served as a method of choice ever since, in older infants
as well as neonates. Slater (1995) described a number of
newborns’ preferences: patterned versus unpatterned
stimuli, curvature versus rectilinear patterns, moving
versus static patterns, 2D versus 3D forms, and high-
versus low-contrast patterns, among others. In addi-
tion, perhaps due to the relatively poor visual acuity
of the newborn visual system, there is a preference
for ‘global’ form versus ‘local’ detail in newborns
(Macchi Cassia et al., 2002).

14.3.2 Visual Behaviors at Birth

Fantz (1964) reported that repeated exposure to a
single stimulus led to a decline of visual attention,
and increased attention to a new stimulus, in 2- to 6-
month-olds. A substantial number of subsequent inves-
tigations examined infants’ preferences for familiar and
novel stimuli as a function of increasing exposure, and
these in turn led to standardized methods for testing in-
fant perception and cognition, such as habituation para-
digms (Cohen, 1976), as well as a deeper understanding
of infants’ information processing (Aslin, 2007; Hunter
and Ames, 1989; Sirois and Mareschal, 2002).

Neonates (and older infants) will habituate to re-
peated presentations of a single stimulus; habituation
is operationalized as a decrement of visual attention
across multiple exposures according to a predetermined
criterion. Following habituation, infants generally show
preferences for novel versus familiar stimuli, implying
both discrimination of novel and familiar stimuli and
memory for the stimulus shown during habituation. Ne-
onates and older infants also recognize visual constan-
cies or invariants, the identification of common
features of a stimulus across some transformation, for
instance, shape, size, slant, and form (Slater et al.,
1983). Recognition of invariants forms the basis for
categorization.

14.3.3 Faces and Objects

Newborns prefer faces and face-like forms relative to
other visual stimuli and are thus well prepared to begin
engaging in social interactions with conspecifics. Some
have speculated that there is an innate representation

for facial structure (Morton and Johnson, 1991); others
have suggested that the preference stems from general-
purpose visual biases that guide attention toward stimuli
of a particular spatial frequency, with a prevalence of
stimulus elements in the top portion, as seen in
Figure 14.2 (Turati et al., 2002; Valenza et al., 1996).

Newborns’ object perception is not so precocious.
Neonates perceive segregation of figure and ground
(i.e., seeing objects as distinct from backgrounds),
but there are limits in the ability to perceive object
occlusion, as seen in Figure 14.3(a). Adults and older
infants perceive this display as consisting of two ob-
jects, one moving back and forth behind the other
(Kellman and Spelke, 1983). Neonates, however, seem
to perceive this display as consisting of three discon-
nected parts (Slater et al., 1990). In these experiments,
infants were habituated with the partly occluded rod
display, followed by two test displays. One test
display (Figure 14.3(b)) consisted of the whole rod
(no occluder), and the other consisted of two rod parts,
separated by a gap in the space where the occluder
was seen, corresponding to the visible rod portions
in the habituation stimulus (Figure 14.3(c)). For 4-
month-olds, longer looking at the broken rod is taken
as evidence that they perceived unity of the rod parts
as unified behind the box, but for neonates longer
looking at the complete rod implies perception of dis-
joint surfaces in similar displays. The developmental
processes underlying this shift in perceptual abilities
are discussed in Section 14.5.1. See also Chapters 18
and 19.

Stimuli

53.86 s vs. 37.62 s

p < 0.03

34.70 s vs. 41.08 s

p > 0.20

44.15 s vs. 22.89 s

p < 0.003

10.43 vs. 6.5

p < 0.01

10 vs. 8.09

p < 0.05

7.6 vs. 8.3

p > 0.30

Total fixation time Number of discrete
looks

FIGURE 14.2 Face-like stimuli from experiments on neonates’
preferences. Reproduced from Turati C, Simion F, Milani I, and Umiltà C
(2002) Newborns’ preference for faces: What is crucial?Developmental Psy-
chology 38: 875–882.
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14.4 POSTNATAL VISUAL
DEVELOPMENT

As noted in Section 14.2, visual development begins
prenatally; in this section, some of the ways in which it
continues after birth are described. Both infants and
adults scan visual scenes actively – on the order of 2–4
eye movements per second in general (Johnson et al.,
2004; Melcher and Kowler, 2001) – but visual function
is relatively poor at birth in terms of processing and an-
alyzing visual information. Functional visual develop-
ment has been explained in terms of visual maturation
(Atkinson, 2000; Johnson, 1990, 2005). Acuity, for exam-
ple, improves in infancy with a number of develop-
ments, all taking place in parallel: migration of
receptor cells in the retina toward the center of the
eye, elongation of the receptors to catch more incoming
light, growth of the eyeball to augment the resolving
power of the lens, myelination of the optic nerve and cor-
tical neurons, and synaptogenesis and pruning. See also
Chapter 12.

14.4.1 Visual Physiology

The visual system, like the rest of the brain, is orga-
nized modularly and hierarchically. Incoming light is
transduced into neural signals by the retina, which
passes information to the lateral geniculate nucleus (part
of the thalamus), and then to primary visual area (V1) in
cortex and higher visual areas. Successively higher vi-
sual areas code for visual attributes in larger portions
of visual field and participate in more complex visual
functions (see Figure 14.4). For example, visual path-
ways extending from V5 (also known as area MT, or me-
dial temporal) through parietal cortex are largely
responsible for coding motion. Infants younger than
2 months appear unable to discriminate different direc-
tions of motion until maturation of pathways extending
to and originating in V5 (Johnson, 1990). For motion

processing, therefore, development centers on a limited
number of visual areas and a relatively small number of
mechanisms (e.g., myelination, synaptic growth, and
pruning). Object perception, in contrast, is far more com-
plex, involving many areas, each of which is responsible
for processing one or more of the many visual attributes
that defines edges, surfaces, and objects.

14.4.2 Critical Periods

A critical period refers to a time in an individual’s on-
togenywhen some function or abilitymust be stimulated
or it will be lost permanently (see Daw, 1995). This no-
tion can be contrasted with a sensitive period, similar
in concept but generally referring to scenarios in which
effects of deprivation are not so severe. The formal study
of critical periods was initiated by Wiesel and Hubel
(1963), who covered or sutured one eye in kittens from
birth for a period of 1–4 months and examined the effects
of visual deprivation by patching the unaffected eye and
observing visual function of the affected eye alone. The
deprived eye was effectively blind, as revealed by both
behavioral and neural effects. Behavioral effects in-
cluded an inability to navigate visually or respond to ob-
jects introduced by the experimenters, though the
animals behaved normally under these circumstances
when permitted to use the unaffected eye. Neural effects
were examined by recording from single cells in visual
cortex; in general, few cortical cells could be driven by
the deprived eye in cortical regions normally responsive
to input from both eyes, such as the postlateral gyrus.
Wiesel and Hubel also reported the effects of eye closure
in animals that were allowed some visual experience
prior to deprivation, highlighting the distinction be-
tween critical and sensitive periods. The unaffected
eye dominated activity of cells in the visual cortex but
depended on both the extent of visual experience prior
to deprivation and the duration of deprivation.

Stereopsis, the detection of distance differences in
near space (e.g., threading a needle), seems to emerge

(a) (b) (c)

FIGURE 14.3 Rod-and-box displays from experiments on infants’ perception of partly occluded objects: (a) habituation stimulus and (b and c)
test stimuli.
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during a critical period. Stereopsis relies on slight differ-
ences in the inputs to the two eyes when they are di-
rected to the same point, also known as disparity.
Cells in the primary visual cortex are organized into ‘oc-
ular dominance’ columns that receive inputs from the
two eyes and register the amount of disparity between
them. These require binocular function early in life –
the two eyes must be directed consistently at the same
points and focus on them. This can be disrupted by am-
blyopia (poor vision in one eye) or strabismus (misalign-
ment of the eyes). Normally, mature visual cortex
contains cells responsive to both eyes, and a few to only
one eye. Abnormal visual experience can produce a
preponderance of cells responsive to only one or the
other eye, but not to both. In typically developing in-
fants, stereopsis emerges at about 4 months, as inputs
from the two eyes into the ocular dominance columns
become segregated (Held, 1985). (Prior to this time,
the inputs are more likely to be superimposed, which
may result in frequent diplopia, or double vision, early
in life.) The critical period for development of stere-
opsis in humans is estimated to be 1–3 years (Banks
et al., 1975).

14.4.3 Development of Visual Attention

Visual attention – eye movements – is a combination
of saccades and fixations. During a saccade, the point of
movements sweeps rapidly across the scene, and during
a fixation, the point of gaze is stationary. Analysis of the
scene is performed during fixations. Eye movements can
also be smooth rather than saccadic, as when the head
translates or rotates as the point of gaze remains stabi-
lized on a single point in space (the eyes move to com-
pensate for head movement), or when following a
moving target.

Visual attention in infancy has attracted a great deal of
interest, because it is a behavior that is relatively mature,
even at birth, and because it is relatively easy to observe
(Johnson, 2005; Richards, 1998). Oculomotor behaviors
that have been examined include detection of targets
in the periphery, saccade planning, oculomotor anticipa-
tions, sustained versus transient attention, effects of spa-
tial cuing, and eye/head movement integration; other
tasks examined inhibition of eye movements, such as
disengagement of attention, inhibition of return, and
spatial negative priming. Bronson (1990, 1994) examined
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scanning patterns as infants viewed simple geometric
forms, and reported changes with development in atten-
tion to distributed visual features, including a greater
tendency to scan between features, to direct saccades
with greater accuracy, and in general to engage in more
‘volitional’ scanning, starting at 2–3 months.

There are important developments also in viewing
complex scenes. In my lab, we recently recorded eye
movements of infants and adults as they watched seg-
ments of an animated cartoon,ACharlie Brown Christmas,
that was rich in social content (Frank et al., 2009). Three-
month-olds’ attention was captured most by low-level
image salience (variations in color, luminance, and mo-
tion), and by 9 months, there was a stronger focusing of
attention on faces. There were no reliable differences be-
tween age groups inmeasures such asmean saccade dis-
tance and fixation duration. One interpretation of these
results is a developmental transition toward attentional
capture by semantic content – the ‘meaning’ inherent in
social stimuli. See also Chapter 22.

14.4.4 Cortical Maturation and Oculomotor
Development

Gaze control inmature primates is accomplishedwith
a coordinated system of both subcortical and cortical
brain areas, as seen in Figure 14.5. Control of eye move-
ments originates in areas with outputs that are con-
nected to the brainstem, which sends signals to the
oculomotor musculature. Development of visual atten-
tion has often been interpreted as revealing development
of cortical systems that control it. Visual attention has
been suggested to be largely under subcortical control
until the first few months after birth, after which there
is increasing cortical control (Atkinson, 1984; Colombo,
2001; Johnson, 1990).

For example, oculomotor smooth pursuit and percep-
tion of motion direction have been proposed to rely on a
common cortical region, area V5, and their development
of these visual functions in infancy has been tied to mat-
uration of V5, as noted previously (Johnson, 1990).
Smooth pursuit is maintenance of gaze on a moving tar-
get with nonsaccadic, eye movements; motion direction
perception is often tested with random-dot displays
to control for the possibility that motion following is
not simply a detection of change in position. Perceiving
motion and performing the computations involved
in programming eye movements to follow motion are
thought to be founded on the same cortical structures
(Thier and Ilg, 2005). This suggestion was tested empir-
ically by Johnson et al. (2008), who observed infants be-
tween 58 and 97 days of age in both a smooth pursuit
(Figure 14.6, top panel) and a motion direction discrim-
ination task (Figure 14.6, center panel). Individual
differences in performance on the two tasks were
strongly correlated and were also positively correlated
with age (Figure 14.6, bottompanel), consistent with the
maturation theory. Other visual functions in infancy
that have been linked to cortical maturation include de-
velopment of form and motion perception, stemming
from maturation of parvocellular and magnocellular
processing streams, respectively (Atkinson, 2000), and
development of visual memory for object features
and object locations, stemming frommaturation of ven-
tral and dorsal processing streams (Mareschal and
Johnson, 2003).

14.4.5 Development of Visual Memory

Memory for events, object features, and locations im-
proves over the first several postnatal months (Rose
et al., 2004). As noted previously, newborns will habitu-
ate to repeated presentations of a visual stimulus and re-
cover interest to a novel one, clear evidence for a
functional short-term visual memory store available at
birth. Visual short-term memory in older infants has
been examined with a ‘change-detection’ task in which
infants viewed a pair of displays side by side, each
of which contained one or more shapes. On one side,
the object or objects underwent color changes every
250 ms (Ross-Sheehy et al., 2003). When there was one
object per side, 4-month-olds looked longer toward
the side with color changes, implying a short-term store
of the color information across the 250-ms temporal gap.
Visual short-term memory develops rapidly: 10-month-
olds retained color information across a set size of four,
all different colors (Ross-Sheehy et al., 2003), and 7.5-
month-olds retained information about color-location
combinations (set size of three) across a 300-ms delay
(Oakes et al., 2006).

Anterior
system

Superior
colliculus

Occipital
lobe

Parietal
lobe

MEF

Brainstem

FEF

Posterior
system

FIGURE 14.5 Subcortical and cortical structures involved in oculo-
motor control. FEF, frontal eye fields; MEF, medial eye fields. Repro-
duced from Schiller and Tehovnik (2001).
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FIGURE 14.6 Top: schematicdepictionof stimuliused toexaminesmoothpursuit inyoung infants.A toymoved laterallyatoneof fivespeeds inone
of five vertical positions on the screen. Only one toy was shown at a time. Center: Random-dot kinematograms used to examine motion direction dis-
crimination in young infants. Dotted lines and dots, shown here to demarcate regions of motion, were not present in the stimulus. Bottom: Individual
infant’s performance in smoothpursuit anddirection discrimination taskswere correlatedwith age.Adapted from JohnsonSP,Davidow J,Hall-Haro C, and
Frank MC (2008) Development of perceptual completion originates in information acquisition. Developmental Psychology 44: 1214–1224.
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Studies of infant memory employing operant condi-
tioning paradigms, in which infants are trained to kick
their legs to move a mobile, have demonstrated long-
term visual recognition stores that are available from
at least 2 months under some conditions; the memories
formed can last for several days or evenweeks given suf-
ficient training with the mobile and reminders (Rovee-
Collier, 1999). Infants at 6 months can imitate observed
behaviors after 24 h, and the retention interval is consid-
erably longer in older infants (Barr et al., 1996). Develop-
ments in visual memory, like many other visual
functions, have been proposed to stem from cortical de-
velopment, in particular areas of the medial temporal
lobe such as hippocampus, perirhinal and entorhinal
cortices, and amygdala (Bauer, 2004; Nelson, 1995;
Rose et al., 2004). See also Chapter 16.

14.4.6 Development of Visual Stability

Our gaze moves frequently from point to point in the
visual scene, and our bodies move from place to place.
Despite these continual disruptions and interruptions
in visual input, we experience the visual world as an in-
herently stable place. Consider, for example, the differ-
ence in your visual experience when you read this
page while shaking your head back and forth (as if you
wanted to signify ‘no’ to someone). Reading is not much
compromised. Now shake the page back and forth while
holding your head steady. Youwill discover reading to be
more difficult, yet the spatial relation between your head
and the page in the two situations is similar. When you
rotate your head, compensatory eye movements known
as the vestibulo-ocular response (VOR) allow the point
of gaze to remain fixed or to continuemoving volitionally
as desired (aswhen reading).When the pagemoves, there
is no such compensatory mechanism.

Evidence from three paradigms suggests that visual
stability emerges gradually across the first year after
birth. First, young infants have difficulty discriminating
optic flow patterns that simulate different directions of
self-motion (Gilmore et al., 2004). Infants viewed a pair
of random-dot displays in which the dots repeatedly ex-
panded and contracted around a central point to simu-
late the effect of moving forward and backward under
real-world conditions. On one side, the location of this
point shifted periodically, which for adults specifies a
change in heading direction; the location on the other
side remained stationary. Under these circumstances,
adults detected a shift simulating a 5! change in heading,
but infants were insensitive to all shifts below 22!, and
sensitivity was unchanged between 3 and 6 months. Gil-
more et al. speculated that optic flow sensitivity may be
improved by self-produced locomotion after 6 months of
age, or by maturation of the ventral visual stream.

Second, young infants’ saccade patterns tend to be
retinocentric, rather than body centered, in a ‘double-
step’ tracking paradigm (Gilmore and Johnson, 1997).
Retinocentric saccades are programmed without taking
into account previous eye movements. Body-centered
eye movements, in contrast, are programmed while
updating the spatial frame of reference or coordinate
system inwhich the behaviors occur. Infants first viewed
a fixation point that then disappeared, followed in suc-
cession by the appearance and extinguishing of two tar-
gets on either side of the display. The fixation point was
located at the top center of the display, and targets were
located below it at the extreme left and right sides. As the
infant viewed the fixation point and targets in sequence,
there was an age-related transition in saccade patterns.
Three-month-olds tended to direct their gaze downward
from the first target, as if directed toward a target below
the current point of gaze. In reality, the second target was
below the first location – the original fixation point – not
the current point of gaze. Seven-month-old infants, in
contrast, were more likely to direct gaze directly toward
the second target. These findings imply that young in-
fants’ visual–spatial coordinate system, necessary to
support perception of a stable visual world, may be in-
sensitive to extraretinal information, such as eye and
head position, in planning eye movements.

Third, there are limits in the ability of infants younger
than 2 months to switch attention flexibly and volition-
ally to consistently maintain a stable gaze. Movement
of one’s body through the visual environment can pro-
duce an optic flow pattern, as can head movement while
stationary (recall the head-shaking example). The two
scenarios may produce similar visual inputs from optic
flow, yet we readily distinguish between them. In addi-
tion, adult observers can generally direct attention to ei-
ther moving or stationary targets, nearby or in the
background, as desired. These are key features of visual
stability, and four eye movement systems work in con-
cert to produce it. Optokinetic nystagmus (OKN) stabi-
lizes the visual field on the retina as the observer
moves through the environment. OKN is triggered by
a large moving field, as when gazing out the window
of a train: The eyes catch a feature, follow it with a
smoothmovement, and saccade in the opposite direction
to catch another feature, repeating the cycle. The VOR,
described previously, helps maintain a stable gaze to
compensate for head movement. (OKN and the VOR
are present and functional at birth, largely reflexive or
obligatory, and are likely mediated by subcortical path-
ways; Atkinson and Braddick, 1981; Preston and
Finocchio, 1983.) The others are the saccadic eye move-
ment system and smooth pursuit, to compensate for or
cancel the VOR or OKN as appropriate. Aslin and
Johnson (1994) observed suppression (cancellation) of
the VOR to fixate a small moving target in 2- and
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4-month-olds, but not 1-month-olds, and Aslin and
Johnson (1996) observed suppression of OKN to fixate
a stationary target in 2-month-olds, but not in a younger
group.

14.4.7 Object Perception

As noted previously in Section 14.3.3, ‘piecemeal’ or
fragmented perception of the visual environment ex-
tends from birth through the first several months after-
ward under some conditions, implying a fundamental
shift in the infant’s perceptual experience. Because neo-
nates and 4-month-olds appear to construe rod-and-box
displays differently – as disjoint surfaces and as oc-
cluded objects, respectively – an important step in un-
derstanding development of perceptual completion is
investigations of performance in 2-month-olds. In the
first such investigation, 2-month-olds were found to
show an ‘intermediate’ pattern of performance (no reli-
able posthabituation preference), consistent with the
possibility that spatial completion is developing at this
point but not yet in final form (Johnson and Náñez,
1995). A follow-up study examined the hypothesis that
2-month-oldsmay perceive unity if given additional per-
ceptual support. We simply increased the amount of vis-
ible rod surface revealed behind the occluder by
reducing box height and by adding gaps in it, and under
these conditions, 2-month-olds provided evidence of
unity perception (Johnson and Aslin, 1995). Adopting
this approach with newborns, however, failed to reveal
similar evidence: Even in ‘enhanced’ displays, newborns
seemed to perceive disjoint rather than unified rod parts
(Slater et al., 1994, 1996).

A number of studies have shown that young infants
can maintain representations of the solidity and location
of fully hidden objects across brief delays (e.g., Aguiar
and Baillargeon, 1999; Spelke et al., 1992). Yet newborns
provide little evidence of perceiving partly occluded ob-
jects, begging the question of how perception of com-
plete occlusion, or existence constancy, emerges
during the first few months after birth. To address this
question, experiments have examined infants’ responses

to objects that move forward on a trajectory, disappear
behind an occluder, reappear on the far side, and reverse
direction, repeating the cycle (Figure 14.7(a)). Following
habituation to this display, infants viewed test displays
consisting of continuous and discontinuous trajectories
(Figures 14.7(b) and 14.7(c)), analogous to the broken
and complete test stimuli described previously. Four-
month-olds appeared to treat the ball-and-box display
depicted in Figure 14.7(a) as consisting of two discon-
nected trajectories, rather than a single, partly hidden
path (Johnson et al., 2003a,b), but by 6 months, infants
perceived this trajectory as unitary. When occluder size
was reduced, however, 4-month-olds’ posthabituation
preferences (and thus, by inference, their percepts of
spatiotemporal completion) were shifted, partway by
an intermediate width, and fully by a narrow width,
so narrow as to be only slightly larger than the ball itself.
Reducing the spatial gap, therefore, supported perception
of a complete trajectory in 4-month-olds. In 2-month-olds,
this manipulation appeared to have no effect, implying a
lower age limit for trajectory completion in infants, just as
there may be for spatial completion.

14.4.8 Face Perception

As noted in Section 14.3.3, infants are better prepared
to perceive faces than objects at birth, showing prefer-
ences for faces and face-like structures. Research on face
perception in infants provides additional insights on
mechanisms of recognition. In adults, face recognition
is near ceiling when faces are upright, but when faces
are inverted, performance is relatively poor – the inver-
sion effect (Yin, 1969). This appears to be specific to faces;
other visual configurations normally seen upright, such
as houses, are not vulnerable to the effect. These findings
are thought to reflect a difference in processing ‘strate-
gies’ when viewing upright versus inverted faces. When
faces are upright, they are processed in terms of both the
individual features and the spatial relations among fea-
tures (viz., both piecemeal and holistic processing), but
when inverted, these relations are more difficult to ac-
cess, forcing greater reliance on only a single source of

(a) (b) (c)

FIGURE 14.7 Ball-and-box displays from experiments on infants’ perception of existence constancy: (a) habituation stimulus and (b and c) test
stimuli.
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information for recognition – the features – and thus
impairing performance.

Carey and Diamond (1977) reported that children
younger than 10 years of age do not show the inversion
effect. This led to the suggestion that young children
process faces according to features only, and that piece-
meal-to-holistic processing develops during childhood,
perhaps from experience viewing faces or maturation
of the right cerebral hemisphere implicated in complex
visual–spatial tasks. Consistent with these findings, chil-
dren’s discrimination of faces was impaired more by a
mismatch in the spacing of features than by a mismatch
in the features themselves (eyes, nose, and mouth) or
faces’ outer contours, as seen in Figure 14.8 (Mondloch
et al., 2002), and there were dramatic improvements in
performance from 6 years through adulthood in match-
ing identity of faces across changes in facial expression,

orientation, and ‘lip reading’ (mouthing different
vowels), all of which require sensitivity to spatial rela-
tions among features (Mondloch et al., 2003).

Other reports, however, provide evidence for a much
earlier piecemeal-to-holistic shift in processing faces.
First, Younger (1992) found that 10-month-old infants
were sensitive to correlations among facial attributes in
a face discrimination task; 7-month-olds provided evi-
dence of discrimination from featural variations only.
Second, evidence from a ‘switch’ paradigm showed that
7-month-olds processed configurations of facial features
that were disrupted by inversion (Cohen and Cashon,
2001). In the switch design, infants are habituated to a
pair of distinct stimuli (in this case, faces); at the test,
selected features are switched from one stimulus to the
other, and infants are observed for recovery of interest
to the new configuration. A more recent study using this

(a)

(b)

(c)

FIGURE 14.8 Stimuli used to test recognition of faces inwhich the spacing of features is varied (top row), the features (but not their spacing) are
varied (center row), or the outer contours (but not features or spacing) are varied (bottom row). The faces in the leftmost positions of each row are
identical; other faces in each row are variations of it.Reproduced fromMondloch CJ, Le Grand R,Maurer D (2002) Configural face processing develops more
slowly than featural face processing. Perception 31: 553–566.
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design found a developmental progression toward
processing configurations between 4 and 10 months
(Schwarzer et al., 2007). Third, the inversion effect was
found in face recognition tasks with 5-, 7-, and
9-month-olds, but when outer contours and inner facial
features were inverted in separate experiments, only the
2 older age groups showed impairment from inversion,
suggesting a greater flexibility in their processing –
utilizing either internal or external features to recognize
the faces (Rose et al., 2008).

14.4.9 Critical Period for Development
of Holistic Perception

Evidence for a critical period for holistic face percep-
tion comes from a study of individuals born with cata-
racts who underwent surgery to correct the problem
(Le Grand et al., 2001). Each individual had at least
9 years of visual experience after surgery. The individ-
uals were tested with face recognition tasks as described
in the previous section, including tests of inversion ef-
fects, using some of the stimuli shown in Figure 14.8.
There was a specific deficit in recognition from configu-
rational information – the spacing of features – but not
from featural information, where performance was not
reliably different from controls. A particularly striking
characteristic of these findings concerns the timing of
cataract replacement, which for every patient was less
than 7 months of age – and in a few cases, as little as
2–3 months. The critical period for development of holis-
tic processing, therefore, appears to be exceedingly brief.
Interestingly, infants at 2–3 months show no signs of the
inversion effect (Cashon and Cohen, 2003), and sensitiv-
ity to some kinds of holistic information in faces is not
adultlike until several years after this time, as noted
previously.

Some kinds of holistic object perception appear to be
comprised by visual deprivation, but the evidence is
complex. On the one hand, patients treated for cataracts
showed no deficits, relative to controls, in identifying
pictures of houses on the basis of both featural and con-
figurational information, in contrast to face recognition
(Robbins et al., 2008). And a case study of SRD, a woman
who had cataracts removed at age 12, revealed few obvi-
ous deficits in object perception when tested 22 years
later on shape matching, visual memory, and image seg-
mentation tasks (Ostrovsky et al., 2006). Her perfor-
mance at face recognition was impaired relative to
controls, as expected from the Le Grand et al. (2001)
study, but she was not tested explicitly for holistic object
perception.

On the other hand, a case study of MM, a man who
lost his vision at 3.5 years and had cataract replacement
nearly 40 years later, revealed marked deficits in object

perception skills (Fine et al., 2003). Five months after sur-
gery, MM was unable to detect transparency in overlap-
ping forms, to see depth from perspective in a Necker
cube, or to identify a shape defined by illusory contours
(a Kanizsa square) – the latter a paradigmatic instance of
holistic processing, the binding of visual features across
a spatial gap. Hewas also limited in recognition of every-
day objects and had difficulty discriminating faces and
identifying emotional expression, reporting to rely on in-
dividual features rather than a ‘Gestalt’ for these pur-
poses. Cortical areas that give strong responses in
normally sighted observers when viewing faces and ob-
jects (lingual and fusiform gyri) were largely inactive in
MM. (Other visual functions were well preserved, such
as contrast sensitivity, color perception, and motion per-
ception, implying that they may have been more estab-
lished and consequently robust to deprivation by the
time MM was blinded in childhood.)

A recent study of illusory contour perception in cata-
ract replacement patients provides additional evidence
for severe compromise in feature binding from early vi-
sual deprivation (Putzar et al., 2007). Patients were di-
vided into two groups, one with cataract replacement
prior to 6 months and the second after this time, and
their performancewas compared to controls. The patient
group treated after 6 months showed elevated reaction
times and greater miss rates when searching for illusory
shapes among distracters, relative to real shapes; the
other groups showed reliably less of a difference on
these measures. Interviews conducted after testing
revealed that the post-6-month patient group did not
perceive the illusory figures at all, but rather adopted
a strategy of finding regions in the scenes where the in-
ducing elements pointed inward. Consistent with exper-
iments on face perception described previously, these
results point to the first several months after birth as a
critical period for spatial integration of visual
information.

14.5 HOW INFANTS LEARN ABOUT
OBJECTS

14.5.1 Learning from Targeted Visual
Exploration

Infants in the transition toward spatial completion in
rod-and-box displays – 2–3 months of age – have been
observed for evidence that scanning patterns are associ-
ated with unity perception. These links are clear. Amso
and Johnson (2006) and Johnson et al. (2004) observed
3-month-old infants in a perceptual completion task
using the habituation paradigm described previously.
Infants’ eyemovements were recordedwith a corneal re-
flection eye tracker during the habituation phase of the
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experiment. We found systematic differences in scan-
ning patterns between infants whose posthabituation
test display preferences indicated unity perception and
infants who provided evidence of perception of disjoint
surfaces: ‘Perceivers’ tended to scan more in the vicinity
of the two visible rod segments and to scan back and
forth between them. In a younger sample (58–97 days),
Johnson et al. (2008) found a reliable correlation between
posthabituation preference (viz., our index of spatial
completion) and targeted visual exploration, operationa-
lized as the proportion of saccadic eye movements
directed toward the moving rod parts, obviously the
most relevant aspect of the stimulus for perception of
completion. Spatial completion was not predicted by
other measures of oculomotor performance, including
mean number of fixations per second, mean saccade dis-
tance (to assess overall scanning activity), mean vertical
position of each infant’s fixations (to assess a bias for the
upper portion of the stimulus), and mean dispersion of
visual attention (to assess scanning of limited portions
of the stimulus vs. scanning more broadly). Nor was
spatial completion associated with another measure of
oculomotor control, smooth pursuit. Rather, spatial com-
pletion was best predicted by saccades directed toward
the vicinity of the moving rod parts. This can be a chal-
lenge for a developing oculomotor system, attested by
the fact that targeted scans almost always followed the
rod as it moved, rarely anticipating its position.

Targeted visual exploration develops with time,
stems from increasing endogeous control of oculomotor
behavior, and consists of both selection of desired visual
targets and inhibition of everything else in the visual
scene. Evidence for development of selection comes
from studies of orienting, discussed previously in
Section 14.4.3. Evidence for development of its comple-
ment, inhibition, is relatively scarce. Newborns exhibit
inhibition of return of the point of gaze to recently visited
locations (Valenza et al., 1994), but inhibition of eye
movements to covertly attended locations develops
more slowly across the first year (Amso and Johnson,
2005, 2008). How selection and inhibition work together
to maximize effective uptake of visual information is not
yet known, but the experiments on spatial completion
and eyemovements begin to provide important insights.
Very young infants’ ability to perceive occlusion may be
precluded by insufficient access to visual information for
unity: alignment, common motion, and other Gestalt
cues such as similarity and interposition. An alternate
view stressing developmental mechanisms that are inde-
pendent of learning and experience might posit that
emergence of spatial completion stems exclusively from
maturation of neural structures responsible for object
perception, and, as infants begin to perceive occlusion,
their eyemovement patterns support or confirm this per-
cept. Amso and Johnson (2006) found that both spatial

completion and scanning patterns were strongly related
to performance in an independent visual search task in
which targetswere selected from among distracters. This
finding is inconsistent with the possibility that scanning
patterns were tailored specifically to perceptual comple-
tion, and instead suggests that a general facility with tar-
geted visual behavior leads to improvements across
multiple tasks – precisely the pattern of performance that
was observed.

How might developing object perception systems
benefit from targeted scans? Eye movements may serve
as a vital binding mechanism due to the relatively re-
stricted visual field and poor acuity characteristic of in-
fant vision. Visual information in the periphery is more
difficult to access with a single glance, increasing the
need to scan between features to ascertain their relations
to one another. The developmental timing of targeted vi-
sual exploration in infants seems just right for another
reason: the critical period for development of holistic ob-
ject processing. It may be that motor feedback from scan-
ning eyemovements serves as a trigger for consolidation
of neural circuits in areas that represent the stimulus, en-
abling association of the separate parts of an object seen
on sequential fixations (Rodman, 2003). As an observer
views salient object features, the point of gaze falls in
rapid succession on components that will later be per-
ceived as part of a coherent whole. Motor feedback sig-
naling a series of sequential fixations within the central
visual field could thus be a powerful cue to bind features
together, a possibility consistent with close relations in
adults between scan paths and pattern recognition
(Noton and Stark, 1971; Rizzo et al., 1987) and scene per-
ception (Henderson, 2003).

14.5.2 Learning from Associations Between
Visible and Occluded Objects

By 6 months, infants’ short-term representations of
unseen objects are sufficiently robust to guide reaching
and oculomotor systemsprospectively to intercept objects
on hidden trajectories (Clifton et al., 1991; Johnson et al.,
2003a; von Hofsten et al., 1998). At 4 months, prospective
behavior – anticipations from eye and headmovements to
the place of reappearance of an object seen to move be-
hind an occluder – is adapted to variations in occluder
width and object speed, implying that under some con-
ditions, infants may track with their ‘mind’s eye’ (von
Hofsten et al., 2007). Yet, under other circumstances,
4-month-olds process partly occluded trajectories in
terms of visible components only, not complete paths
(Figure 14.7). Representations of occluded objects in
4-month-olds, therefore, appear to be rather fragile and
not completely established.

To examine the possibility that learning can facilitate
spatiotemporal completion,my colleagues and I presented
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ball-and-box displays to 4- and 6-month-olds as we
recorded their eye movements (Johnson et al., 2003a).
We reasoned that a representation of the object and its
trajectory under occlusionwould be reflected in a consis-
tent pattern of anticipatory eye movements toward the
place of reemergence, before the object’s appearance.
The stimulus was identical to the displays used by
Johnson et al. (2003b) to investigate spatiotemporal com-
pletion (Figure 14.7(a)). Because 6-month-olds provided
evidence of spatiotemporal completion in these displays

when testedwith an habituation paradigm,we predicted
that oculomotor anticipations would bemore frequent in
the older age group. This prediction was supported.
A higher proportion of 6-month-olds’ object-directed
eye movements was classified as anticipatory (i.e., initi-
ated prior to the ball’s emergence from behind the occlu-
der; Figure 14.9, top panel) relative to 4-month-olds
(Figure 14.9, center panel), corroborating the likelihood
that spatiotemporal completion strengthens between 4
and 6 months.
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FIGURE 14.9 Histograms showing oculomotor
anticipations (gray bars) versus reactions (black
bars) as infants view ball-and-box displays. Each
eye movement is coded for latency with respect to
the emergence of the ball from behind the box, time
0. Eye movements initiated prior to this time are an-
ticipations, and eye movements initiated after this
time are reactions. Top panel: 4-month-olds. Center
panel: 6-month-olds. Bottompanel: 4-month-olds af-
ter ‘training’ with a fully visible trajectory. Adapted
from Johnson SP, Amso D, Slemmer JA (2003) Develop-
ment of object concepts in infancy: Evidence for early
learning in an eye tracking paradigm. Proceedings of
the National Academy of Sciences of the United
States of America 100: 10568–10573.
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Evidence for learning as an important contributor to
this developmental change came from a new group of
4-month-olds in a ‘training’ condition. These infants
were first presented with an unoccluded, fully visible
ball trajectory (no occluder) for 2 min followed by the
ball-and-box display as per the other conditions, and
their eye movements were recorded. Here, the propor-
tion of anticipations was reliably greater than that
observed in the ‘baseline’ conditions with untrained 4-
month-olds, but not reliably different from that of
untrained 6-month-olds (Figure 14.9, bottom panel). In
other words, 2 min of exposure led to behaviors charac-
teristic of infants who are 2 months older. This rapid
learning may stem from the ability to form associations
between fully visible to partly or fully hidden objects.

In the real world, infants are exposed to many differ-
ent objects moving in different ways, presenting multi-
ple opportunities for learning. For associative learning
about occlusion to be a viable means of dealing with
real-world events, associations between visible and
partly occluded paths must be committed to memory.
How long do such rapidly acquired associations last?
To address this question, the Johnson et al. (2003b)
methods were replicated with new groups of 4-month-
olds and a nearly identical pattern of anticipatory behav-
iors in baseline and training conditions were observed
(Johnson and Shuwairi, 2009). A third group received
a half hour break between training and test, and perfor-
mance reverted to baseline, implying that memory for
the association was lost during the delay. But a fourth
group, provided with a single ‘reminder’ trial after an
identical delay, showed a recovery of oculomotor

anticipations equivalent to the no-delay training condi-
tion. (A fifth group, provided only a single training trial,
showed no benefit in the form of anticipatory looking.)
These findings suggest that accumulated exposure to oc-
clusion events may be an important means by which ex-
istence constancy arises in infancy.

14.5.3 Learning from Visual–Manual
Exploration

Spatial and spatiotemporal completions involve oc-
clusion of far objects by nearer ones. Solid objects also oc-
clude parts of themselves, meaning we cannot see the
opposite surfaces from our present vantage point. Per-
ceiving objects as solid in 3D space constitutes 3D object
completion, and we recently asked whether young in-
fants perceive objects in this way (Soska and Johnson,
2008). Four- and 6-month-olds were habituated to a
wedge rotating through 15! around the vertical axis such
that the far sides were never revealed (Figure 14.10). Fol-
lowing habituation infants viewed two test displays in
alternation, one an incomplete, hollow version of the
wedge, and the other a complete, whole version, both
undergoing a full 360! rotation revealing the entirety
of the object shape. Four-month-olds showed no consis-
tent posthabituation preference, but 6-month-olds
looked longer at the hollow stimulus, indicating percep-
tion of the wedge during habituation as a solid, volumet-
ric object in 3D space.

How does 3D object completion arise? One possibility
is that developmental changes in infants’ motor skills

Habituation: pivots through 15°

Test: rotates through 360°
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FIGURE 14.10 Rotating object displays from experiments on infants’ perception of three-dimensional object completion. Top panels: habit-
uation stimulus. Center and bottom panels: test stimuli. Adapted from Soska KC and Johnson SP (2008) Development of 3D object completion in infancy.
Child Development 79: 1230–1236.
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might underlie the ability to perceive the unseen parts of
objects. Two types of motor skill, self-sitting and coordi-
nated visual–manual object exploration, seem particu-
larly important, because independent sitting frees the
hands for play and promotes gaze stabilization during
manual actions (Rochat and Goubet, 1995). Thus, self-
sitting might spur improvements in coordinating object
manipulation (e.g., rotating and transferring hand to
hand) with visual inspection, providing infants with
multiple views of objects. We tested these hypotheses
in a group of 4.5- to 7.5-month-olds by replicating the
Soska and Johnson (2008) methods and evaluating the
infants’ motor skills (self-sitting andmanipulation of dif-
ferent objects) on the same day (Soska et al., 2010). Strong
and significant relations were found between both self-
sitting and visual–manual coordination (from the motor
skills assessment) and the measure of 3D object comple-
tion (from the habituation paradigm). (Other motor
skills we recorded, such as holding skill and manual ex-
ploration without visual attention to the objects, did not
predict 3D object completion.) These results provide ev-
idence for a cascade of developmental events following
from the advent of visual–motor coordination, including
learning from self-produced experiences.

Evidence from spatial completion experiments re-
veals that newborns perceive surface segregation even
under conditions in which older infants and adults see
the identical surfaces as unified (Slater et al., 1990), yet
under other circumstances, say, when stationary sur-
faces are directly adjacent, their connectivity or segrega-
tion may be ambiguous (Needham, 1997). This was
demonstrated by Needham and Baillargeon (1998) for
4.5-month-olds’ interpretation of stimulus displays con-
taining two dissimilar but adjacent, stationary objects
(Figure 14.11). After viewing these objects during a fa-
miliarization trial, infants were presented with test
events in which a hand pulled the cylinder; the box ei-
ther remained stationary or moved with the cylinder.

The authors reasoned that infants would look longer at
the event that was unexpected (e.g., the ‘move-apart’
event if the objects were perceived as connected), a result
found with 8-month-olds (Needham and Baillargeon,
1997), but the 4.5-month-old infants looked about
equally at the two test events, providing no evidence
for either interpretation on the infants’ part.

Needham and Baillargeon (1998) asked whether 4.5-
month-olds would learn from a brief prior exposure to
either object in isolation and subsequently perceive the
two as segregated. Their hypothesis was confirmed:
Either a 5-s exposure to the box or a 15-s exposure to
the cylinder alone supported segregation of the adjacent
cylinder-and-box display into two separate units when
infants were tested immediately afterward. Some effects
of such training last as long as 72 h (Dueker et al., 2003).
This learning effect has been extended in a number of im-
portant ways. For example, the effect generalizes from
exposure to objects in different orientations (Needham,
2001), but not to objects with distinct features, unless in-
fants are introduced to the different objects in a variety of
settings or contexts prior to testing, prompting formation
of a perceptual category for the objects (Dueker and
Needham, 2005). Categorization is facilitated as well
by increasing the number or variety of exemplars during
the learning phase of the experiment (Needham et al.,
2005).

14.6 SUMMARY AND CONCLUSIONS

From its prenatal origins to its postnatal refinement,
learning to see is a mixture of developmental mecha-
nisms, some of which operate outside of experience,
and some of which are dependent on it. Although
newborn infants can see fairly well upon their first expo-
sure to patterned visual stimulation, as best we can tell
the initial inputs are not bound into a stable, predictable,

Move-apart event

Move-together event

FIGURE 14.11 Schematic depictions of stimuli
used to assess object segregation in infants. Repro-
duced from Needham (2001).

26514.6 SUMMARY AND CONCLUSIONS

II. COGNITIVE DEVELOPMENT

Author's personal copy

 

Comprehensive Developmental Neuroscience: Neural Circuit Development and Function in the Brain, (2013), vol. 3, pp. 249-269 

 

 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 



coherent visual world. The visual world as we adults
know it emerges across the first year after birth. Devel-
opmental mechanisms are not limited only to cortical
maturation, or to experience, or to learning, but instead
comprise all of these and their interactions.

The theoretical viewsmost relevant to questions of vi-
sual cognitive development described previously – the
views of Piaget and the Gestalt theorists – forecasted
some of the research described here. As Piaget proposed,
an infant’s experience of the visual world begins with a
limited capacity to detect object boundaries, particularly
under occlusion, and develops in part as a result of the
infant’s interactions with the environment. And as the
Gestalt theorists proposed, visual perception is orga-
nized at birth and elaborated with experience; many of
the organizational principles characteristic of adult vi-
sion appear to be operational in infants (if not at birth).
These theories have proven prescient and have given di-
rection to many investigations of infant perception and
cognition, yet neither theory is fully adequate to explain
the foundations of vision and its development.

Although our understanding of visual cognitive de-
velopment continues to grow, the current state of knowl-
edge is substantial, and the outlines of a comprehensive
account can now be realized. This account, described in
this chapter, can be summarized as follows:

• To understand how infants come to experience a
stable and predictable world of substantial,
volumetric objects, overlapping and extending in
depth – the visual world that we adults experience –
we must look to experiments that elucidate visual
development.

• Visual development begins well before birth. The
visual system begins to develop within weeks after
conception and continues to develop rapidly prior to
the onset of patterned visual stimulation.

• Vision is partially organized at birth. Neonates show
systematic scanning patterns and visual preferences,
in particular preferences for areas of high contrast and
motion. These preferences are well suited for
directing attention to features of the visual world
relevant to learning about objects. But neonates do not
perceive objects as do adults – as solid and substantial
entities.

• Newborns’ experience of the visual world is
fragmented and unstable. Visual and motor systems
that yield an experience of coherent objects and the
position of the observer relative to a stable
environment emerge across the first postnatal year.

• There is a critical period for development of face and
object perception. Normal visual experience during
this time is essential to their development, as are
patterns of eye movements, and other action systems,
in binding features into wholes.

• Developmental mechanisms include cortical
maturation, visual experience, and learning,
and the interplay between these developmental
events.

• Developments in some visual functions have been
linked directly to maturation of specific cortical
regions and visual pathways. Development of smooth
pursuit eye movements and motion direction
discrimination are thought to stem from maturation
of cortical area V5 (also known as MT), form and
motion perception from parvocellular and
magnocellular processing streams, respectively, and
visual memory from structures in the medial
temporal lobe. These developments occur between
birth and 6 months of age.

• Infants have multiple means of learning at their
disposal, and learning is an indispensable part of
understanding the visual world. Infants learn from
their own behavior as well as by observing relevant
events in the environment.
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