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Infants’ perception of depth from cast shadows
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Five- and 7-month-old infants viewed displays in which cast shadows provided information that two
objects were at different distances. The 7-month-olds reached preferentially for the apparently nearer
object under monocular-viewing conditions but exhibited no reaching preference under binocular-
viewing conditions. These results indicate that 7-month-old infants perceive depth on the basis of cast
shadows. The 5-month-olds did not reach preferentially for the apparently nearer object and, therefore,
exhibited no evidence of sensitivity to cast shadows as depth information. In a second experiment, 5-
month-olds reached preferentially for the nearer of two objects that were similar to those used in the
first experiment but were positioned at different distances from the infant. This result indicated that
5-month-olds have the motor skills and motivation necessary to exhibit a reaching preference under
the conditions of this study. The results are consistent with the hypothesis that depth perception based
on cast shadows first appears between 5 and 7 months of age.

In the 15th century, Leonardo da Vinci described a set
of techniques that painters could use to portray three-
dimensionality on a flat canvas. In his description, he
distinguished between two types of shadows: attached
shadows and cast shadows. Attached shadows occur when
an object’s shadow is visible on that same object, such as
shading on a ball. A cast shadow occurs when the shadow
of one object is seen on a different object or surface, such
as a ball’s shadow on the ground. Leonardo noted that at-
tached shadows provide information for surface relief,
whereas cast shadows indicate a separation in space be-
tween objects (Woodworth, 1938).

More recently, computer vision researchers have made
detailed descriptions of the information provided by shad-
ows and shading for the perception of object shape and
spatial layout (e.g., Horn, 1975; Waltz, 1975), and percep-
tion researchers have studied how the visual system uses
this information in object and space perception. For ex-
ample, Koenderink, van Doorn, and Kappers (1992, 1996)
have shown that shading (i.e., attached shadows) provides
a rich source of information used by the adult visual sys-
tem for perceiving local surface orientation and three-
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dimensional object shape. In addition, Kersten, Knill,
Mamassian, and Biilthoff (1996) have demonstrated that
adults use cast shadow information to perceive objects’
distances and movements in three-dimensional space.

Several studies have been done in which the develop-
ment of space perception based on shading and shadows
has been investigated by testing children’s and infants’
sensitivity to these depth cues. Benson and Yonas (1973)
found that 3-year-old children perceive surface relief on
the basis of attached shadows. The children in their study
discriminated bumps and dents that were specified by
shading. In a subsequent study, Yonas, Goldsmith, and
Hallstrom (1978) found that 3-year-old children can judge
objects’ relative distances on the basis of cast shadows. In
the first study of infants’ sensitivity to depth information
provided by shading, Granrud, Yonas, and Opland (1985)
found that 7-month-old infants perceive surface relief on
the basis of shading but found no evidence of this ability
in 5-month-old infants. This developmental pattern was
similar to that found in studies of infants’ sensitivity to
other pictorial depth cues, including linear perspective
(Arterberry, Bensen, & Yonas, 1991; Yonas, Cleaves, &
Pettersen, 1978; Yonas, Granrud, Arterberry, & Hanson,
1986), interposition (Granrud & Yonas, 1984), line junc-
tions (Yonas & Arterberry, 1994), familiar size (Granrud,
Haake, & Yonas, 1985; Yonas, Pettersen, & Granrud,
1982), relative size (Yonas, Granrud, & Pettersen, 1985),
and surface contours (Sen, Yonas, & Knill, 2001).

It has remained unknown whether infants perceive
depth on the basis of cast shadows or whether sensitiv-
ity to cast shadows as depth information emerges at the
same point in development as sensitivity to depth based
on shading or other pictorial depth cues. The present study
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had two goals. The first was to determine whether infants
perceive depth on the basis of cast shadows. The second
was to investigate the development of this ability.

EXPERIMENT 1

In Experiment 1, 5- and 7-month-old infants viewed
computer-generated displays that contained cast shadow
information for relative distance. Figure 1 shows one of
the two displays that were used. Each display depicted two
objects, each casting a virtual shadow onto a background
surface. The virtual shadow was shifted 2.3 cm to the left,
relative to one object (the object on the right in Figure 1).
This displacement between the object and its shadow pro-
vided information that the object was separated in space
from the background surface. The virtual shadow was
shifted 0.5 cm to the left, relative to the other object (the
object on the left in Figure 1). The proximity between this
object and its shadow provided information that the object
was close to the background surface. The displays were
actually flat surfaces, and the two objects were equally dis-
tant from the research participant. In a pilot study, adults
and 3-year-old children reliably reported that the object
whose shadow was displaced 2.3 cm appeared to be nearer
than the object whose shadow was displaced 0.5 cm. In-
fants viewed two displays, one at a time, on alternating
trials. In one display, the apparently nearer object was on
the left; in the other display, the apparently nearer object
was on the right.

Infants’ reaching behavior was measured. Previous
studies have shown that 5- and 7-month-old infants reach
preferentially for the nearer of two objects (e.g., Granrud,
Yonas, & Pettersen, 1984). On the basis of these findings,
infants would be expected to reach preferentially for the
apparently nearer of two objects whose relative distances
were specified by cast shadows, if they could perceive dis-
tance on the basis of cast shadow information.

To control for stimulus variables other than perceived
depth, two conditions were included in the study: a
monocular-viewing condition and a binocular-viewing
condition. The infant wore eyeglasses throughout the
experiment. In the monocular condition, an opaque lens
blocked the view to one eye; in the binocular condition,
the displays were visible to both eyes. If infants reach pref-
erentially for the apparently nearer object on the basis of
perceived depth, a reaching preference would be expected
in the monocular-viewing condition only. In the binocular
condition, binocular disparity and convergence provided
information that the two objects were equidistant. Several
studies on infant depth perception have shown that binoc-
ular information for equal distances overpowers conflict-
ing pictorial cues that specify depth (Granrud, Haake, &
Yonas, 1985; Granrud & Yonas, 1984; Granrud, Yonas, &
Opland, 1985; Yonas, Cleaves, & Pettersen, 1978; Yonas
et al., 1986; Yonas et al., 1985). If preferential reaching is
based on perceived depth, no reaching preference would
be expected in the binocular-viewing condition. However,
if infants reached preferentially for one of the objects on
the basis of stimulus variables other than perceived depth,
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Figure 1. Display used in Experiment 1. The virtual shadows
created a depth illusion. Adults and children consistently re-
ported that the object on the right appeared to be nearer than
the object on the left.

similar reaching preferences would be expected in the two
viewing conditions. For example, the overall width of the
object plus its shadow and the overall amount of contrast
are greater on the side of the apparently nearer object than
on the side of the apparently farther object. Since all non-
depth stimulus variables, such as overall width and con-
trast, were present in both viewing conditions, a reaching
preference based on any of these variables would be ex-
pected in both the monocular- and the binocular-viewing
conditions.

Method

Participants. The sample consisted of 43 five-month-old in-
fants (23 males and 20 females, 20—22 weeks in age, mean age =
21.1 weeks) and 42 seven-month-old infants (16 males and 26 fe-
males, 27-31 weeks in age, mean age = 29.5 weeks). An additional
21 five-month-olds and 18 seven-month-olds were tested but were
excluded from the sample; 3 five-month-olds and 4 seven-month-
olds were excluded because of experimenter error, and 18 five-
month-olds and 14 seven-month-olds were excluded for failure to
meet the inclusion criterion of at least six reaches in each viewing
condition (in each case, due to fussiness). The infants were recruited
using county birth records. The sample consisted of infants whose
parents responded to a letter and volunteered to participate with their
infant. The parents gave informed consent before testing began. The
infants came primarily from white middle-class families.

Apparatus. Two displays were presented, one at a time. Each
display was a computer-generated image depicting two identical ob-
jects designed to resemble toy rattles. Each object measured 14 cm
in height and 4 cm in width and consisted of a yellow smiling face
and a body of chain-linked purple, orange, blue, and green circles
(see Figure 1). The two objects were separated by 13 cm at their
nearest points. The objects were presented on a background of seven
blue horizontal lines spaced 2.5 cm apart. These lines were included
in the display to provide information that the background surface
was oriented in a frontoparallel plane.

Each object cast a virtual shadow. The virtual shadow was shifted
2.3 cm to the left relative to one object. This object was referred to as
the apparently nearer object. The virtual shadow was shifted 0.5 cm
to the left relative to the other object. This object was referred to as
the apparently farther object. The apparently nearer object was on
the left in one display and on the right in the other display. The two
displays were identical in all other respects. A lamp containing a
40-W incandescent bulb was visible immediately to the right of the
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display. The lamp was positioned in such a way that it would have
created the virtual shadows had the objects been positioned at differ-
ent distances from the background surface. The 40-W lamp was the
principal light source in the testing room (a video monitor emitted a
small amount of additional light).

The displays were presented in a vertical orientation, perpendicu-
lar to the infants’ line of sight. Each display was 28 cm wide and
21.5 cm high and was mounted on a rigid, white foam-core board,
46 cm wide and 25 cm high. The foam-core board was attached to a
spring that allowed approximately 10 cm of vertical and horizontal
movement. This bouncing movement was introduced to attract and
maintain the infants’ attention. A wind chime was also placed behind
the apparatus to attract attention.

The apparatus rested on a table. The infant sat on a parent’s lap
in front of the display. The parent was instructed to hold the infant
around the waist, leaving the arms and hands free to move. To pre-
vent the parent from biasing the results, he or she was kept blind as
to the specific hypotheses of the experiment and was not informed of
the viewing condition conducted on any given trial. The display was
positioned out of reach before each trial and was moved in a sliding
motion toward the infant at the beginning of each trial. The infant’s
view of the display was blocked between trials by a maroon screen,
32 cm wide and 45.3 cm high.

The infant wore eyeglass frames throughout the experiment. The
frames contained no lens on the right side. An opaque plastic lens
on the left side of the frames could be rotated downward to block the
view to the left eye in the monocular-viewing condition or rotated
upward to allow binocular viewing.

Each infant’s experimental session was recorded by a video cam-
era mounted in the ceiling above the infant. The top of the display
was marked with lines that divided the display into three regions
that were used for coding the infants’ reaches. A 7-cm-wide region
was centered over each object. Reaches to these regions were coded
as reaches directed toward the objects. Reaches to the 10-cm region
separating these regions were coded as reaches toward the middle
of the display.

Procedure. Each infant participated in two conditions: the
monocular-viewing condition and the binocular-viewing condition.
The conditions were presented in counterbalanced order, with alter-
nating infants receiving the monocular or binocular condition first.

Before each trial, the display was positioned beyond the infant’s
reach, and the maroon occluder blocked the infant’s view of the dis-
play. At the beginning of each trial, the occluder was removed, and
the display was moved in a sliding motion along the table toward
the infant. If necessary, the experimenter touched the display on
the midline of its top edge, to initiate a slight bouncing movement,
and tapped the wind chime to attract the infant’s attention. The trial
ended when the infant’s hand first contacted the display. The display
was then moved out of reach, and the occluder was put into place to
block the infant’s view while a new display was put into position.

Eight trials were completed in the first viewing condition. The
infant then received a short break. Eight trials were then conducted

in the second viewing condition. The left—right position of the ap-
parently nearer object was reversed on alternating trials. Left-right
position on the first trial was counterbalanced across infants. After
the infant completed both viewing conditions, an additional 8-trial
block was conducted in each viewing condition if the infant appeared
to remain interested in the task. The testing session ended when the
infant was judged to have lost interest or when 16 trials had been
completed in each condition. Infants were excluded from the sample
if they completed fewer than 6 trials in either viewing condition.

The infants’ reaches were scored from videotape by an observer
who was blind to viewing condition and to the left-right position
of the apparently nearer object. The infant’s image was masked on
the video screen. Only the top edge of the display and the infant’s
hands were visible on the video monitor. This was done to prevent
the observer from seeing whether the infant was participating in the
monocular- or the binocular-viewing condition on any given trial.
The infants’ reaches were categorized as being directed to the left,
right, or middle of the display or to both the left and the right simul-
taneously with two hands. Reaches to the left or the right were later
recoded as reaches to the apparently nearer and apparently farther
objects.

Only reaches toward the apparently nearer and apparently far-
ther objects were included in analyses of the data. The percentage of
reaches directed toward the apparently nearer object, out of the total
number of reaches toward the apparently nearer and farther objects,
was computed for each infant. This percentage was the dependent
variable used in all the analyses. Reaches toward the middle of the
display and toward both objects simultaneously were uninforma-
tive regarding depth perception from cast shadows and were omitted
from the data used in the analyses. This allowed the analyses to com-
pare directly reaches to the apparently nearer object versus reaches
to the apparently farther object. If the infants reached more often for
the apparently nearer object than for the apparently farther object,
in the monocular condition only, it would indicate depth perception
based on cast shadows, regardless of how often the infants reached
for both objects simultaneously or for the middle of the display.

Results

Table 1 shows the mean number of trials completed and
the mean number of reaches directed toward the appar-
ently nearer object, the apparently farther object, and the
middle of the display or both objects simultaneously for
each age group in each viewing condition. Table 2 shows
the mean percentages of reaches that were directed toward
the apparently nearer object in each condition, computed
after reaches to both objects and to the middle of the dis-
play were excluded from the data. All the analyses were
conducted using the means shown in Table 2.

Planned paired-samples ¢ tests were conducted to com-
pare the means from the monocular and binocular conditions

Table 1
Mean Number of Trials Completed and Mean Number of Reaches Toward
the Apparently Nearer Object, Apparently Farther Object, and Middle or
Both Objects in Each Viewing Condition

Viewing Condition

Monocular Binocular
Age Group Trials  Near Far Middle/Both ~ Trials  Near Far Middle/Both
5 months
Mean 7.79 2.86 291 2.02 797 274 2.72 2.51
SD 0.56 1.30 1.39 1.57 0.74 1.42 1.37 1.62
7 months
Mean 10.86 5.43 4.12 1.31 11.09 495 4.81 1.33
SD 3.75 2.13 2.48 1.47 3.07 221 2.00 1.60




Table 2
Mean Percentage of Reaches to the Apparently Nearer Object
in the Monocular- and Binocular-Viewing Conditions With
Reaches to Both Objects or to the Middle Excluded

Age Group Monocular Binocular
5 months
Mean 49.59 49.72
SD 21.22 22.25
7 months
Mean 58.99 50.28
SD 18.60 17.47

Note—Because some infants completed unequal numbers of trials, the
mean percentages differ slightly from the percentages that could be cal-
culated from the mean numbers of reaches to the apparently near and far
objects shown in Table 1.

within each age group. The 7-month-old infants exhibited
a significantly stronger tendency to reach for the appar-
ently nearer object in the monocular condition than in the
binocular condition [#(41) = 2.27, p < .05]. The 5-month-
olds’ means did not differ between the monocular- and the
binocular-viewing conditions [£(42) = —0.03, p > .05].
Planned one-sample ¢ tests were conducted to compare
each age group’s mean with 50% in each viewing condi-
tion. The 7-month-olds’ mean differed significantly from
50% in the monocular-viewing condition [#(41) = 3.13,p <
.05], but not in the binocular-viewing condition [#(41) =
0.10, p > .05]. The 5-month-olds’ means did not differ from
50% in either the monocular [#(42) = —0.13, p > .05] or the
binocular [#(42) = —0.08, p > .05] condition.

Additional analyses revealed that sex and order of the
monocular- and binocular-viewing conditions had no sig-
nificant effects on the infants’ reaching behavior and that
the 5S-month-olds did not exhibit a reaching preference in
the early trials that disappeared in the later trials of the
experiment.

Discussion

The results indicate that 7-month-old infants perceive
depth on the basis of cast shadows. These infants exhibited
a significant reaching preference for the apparently nearer
object in the monocular condition and showed no reach-
ing preference in the binocular condition. This pattern of
results suggests that the 7-month-old infants’ reaching
behavior was based on perceived depth. In the monocular
condition, in which binocular depth cues for flatness were
absent, the 7-month-old infants apparently perceived that
the object whose virtual shadow was displaced 2.3 cm was
nearer than the object whose virtual shadow was displaced
0.5 cm. In the binocular condition, these infants appar-
ently perceived that the two objects were equidistant and,
therefore, did not reach preferentially for one object. The
finding of no reaching preference in the binocular con-
dition indicates that the 7-month-old infants’ monocular
condition reaching preference was not based on stimu-
lus variables other than perceived depth. Had the infants
reached preferentially for one object on the basis of over-
all display width or contrast, for example, a reaching pref-
erence would have been expected in both the monocular
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and binocular conditions, since these stimulus variables
were equated in the two viewing conditions.

The 5-month-old infants did not exhibit a reaching
preference for the apparently nearer object. The results,
therefore, provided no evidence that 5-month-old infants
perceive depth on the basis of cast shadows. However,
this experiment did not find conclusive evidence that 5-
month-old infants cannot perceive depth from cast shad-
ows. Although 5-month-olds reach preferentially for the
nearer of two objects when binocular or kinetic depth cues
specify relative distance (Granrud, Yonas, & Pettersen,
1984; Granrud, Yonas, Smith, et al., 1984), it is possible
that the 5-month-olds perceived depth in Experiment 1
but lacked the motor abilities or motivation necessary to
exhibit a reaching preference under the conditions in this
experiment. Experiment 2 was designed to explore this
possibility.

EXPERIMENT 2

In Experiment 2, we investigated whether 5-month-old
infants would exhibit a reaching preference for the nearer
of two objects under conditions similar to those in Experi-
ment 1. In Experiment 2, 5-month-olds viewed displays
identical to those in Experiment 1, with the exception that
one object was raised 4 cm from the background surface
and one object was raised 0.5 cm from the background
surface. At these distances from the background, the ob-
jects cast shadows similar in size and position to the vir-
tual shadows in the displays used in Experiment 1. Each
infant was tested under monocular- and binocular-viewing
conditions. In the monocular condition, cast shadows, mo-
tion parallax, and accommodation provided information
for the objects’ relative distances. In the binocular condi-
tion, binocular disparity and convergence were available,
in addition to the depth cues present in the monocular con-
dition. If 5-month-olds exhibited a reaching preference
in Experiment 2, it would suggest that these infants had
the abilities and motivation necessary to exhibit a reach-
ing preference under the conditions of this study when
adequate visual information was available for depth to be
perceived. The finding of a reaching preference in Experi-
ment 2 would, therefore, support the conclusion that the
5-month-olds’ lack of a reaching preference in Experi-
ment 1 resulted from an inability to perceive depth on the
basis of cast shadows.

Method

Participants. The sample consisted of 12 five-month-old in-
fants (6 males and 6 females, 20-22 weeks of age, mean age =
21.3 weeks). Eight additional 5-month-old infants were tested but
were excluded from the sample for not meeting the inclusion crite-
rion of six reaches per condition (in each case, due to fussiness).

Apparatus. The apparatus used in Experiment 2 was identical
to that used in Experiment 1, with two exceptions. First, in each of
the two displays used in Experiment 2, one object (the near object)
was raised 4 cm from the background surface toward the infant, and
one object (the far object) was raised 0.5 cm from the background
surface. The near object was on the left in one display and on the
right in the other display. Second, the displays used in Experiment 2
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did not contain printed virtual shadows, as they did in Experiment 1.
Instead, the raised objects in the displays, which were illuminated by
the same 40-W lamp as that used in Experiment 1, cast real shadows
onto the background surface that were similar in size and position to
the virtual shadows in the displays used in Experiment 1.

Procedure. The procedure used in Experiment 2 was identical to
that used in Experiment 1, with three exceptions. First, all of the in-
fants received six trials in each viewing condition. Second, some of
the infants wore an adhesive eye patch in the monocular condition,
instead of eyeglasses. Third, in the coding of the infants’ reaches
from the videotaped record of the experiment, a reach was scored
when any part of the infant’s hand crossed a plane 4 cm in front
of, and parallel to, the background surface. Reaches were coded
as being directed to the near object, the far object, the middle of
the display, or both objects simultaneously, following the same pro-
cedures as those used in Experiment 1. As in Experiment 1, only
reaches to the near and far objects were included in analyses of the
data; reaches for the middle of the display or for both objects were
omitted from the analyses.

Results

Table 3 shows the mean numbers of reaches directed
toward the near object, the far object, and the middle of
the display or both objects simultaneously in each viewing
condition. With reaches for the middle of the display and
for both objects simultaneously excluded from the data,
the mean percentages of reaches directed toward the near
object were 76.67% (SD = 21.84) in the binocular condi-
tion and 65.14% (SD = 21.19) in the monocular condi-
tion. (These mean percentages differ slightly from the per-
centages that could be calculated from Table 3, because
some infants had unequal numbers of total reaches after
middle/both reaches were excluded.) Planned one-sample
t tests were conducted to compare the mean in each view-
ing condition with 50%. The infants exhibited significant
reaching preferences for the near object in the binocular-
[t(11) = 4.23, p < .05] and monocular- [#(11) = 2.47,
p < .05] viewing conditions. A planned paired-samples
t test showed no significant difference between the infants’
reaching preferences in the binocular- and monocular-
viewing conditions [#(11) = 1.24, p > .05].

Discussion

The results of Experiment 2 indicate that 5-month-old
infants reach preferentially for the nearer of two objects
when motion parallax and accommodation (in the mon-
ocular condition) and binocular disparity and convergence
(in the binocular condition), in addition to cast shadows,
provide information on the objects’ relative distances.

Table 3
Mean Number of Reaches Toward the Apparently Nearer
Object, Apparently Farther Object, and Middle or
Both Objects in Each Viewing Condition in Experiment 2

Condition Near Far Middle/Both
Monocular

Mean 3.50 1.83 0.67

SD 1.24 1.03 0.78
Binocular

Mean 4.17 1.33 0.50

SD 1.27 1.23 0.90

When adequate depth information is available, 5-month-
old infants have the motor skills and motivation necessary
to exhibit a consistent reaching preference for the nearer
of two objects under conditions nearly identical to those
in Experiment 1. The results of Experiment 2, therefore,
suggest that the 5-month-olds’ behavior in Experiment 1
cannot be attributed to a deficit in the motor skills or mo-
tivation necessary to exhibit a reaching preference under
the conditions in this study.

GENERAL DISCUSSION

The results of this study indicate that 7-month-old in-
fants perceive depth from information provided by cast
shadows. In the monocular-viewing condition in Experi-
ment 1, 7-month-olds exhibited a significant reaching
preference for the apparently nearer of two objects whose
relative distances were specified by virtual cast shadows.
In the binocular condition in Experiment 1, 7-month-olds
exhibited no reaching preference, indicating that their
reaching behavior was based on perceived depth, and not
on low-level stimulus variables.

This study showed no evidence that 5-month-old in-
fants perceive depth on the basis of cast shadows. These
infants exhibited no reaching preference in Experiment 1.
In Experiment 2, when two objects, similar to those used
in Experiment 1, were positioned at different distances
from 5-month-old infants, the infants showed consistent
reaching preferences for the nearer of two objects under
monocular- and binocular-viewing conditions. This result
suggests that 5-month-old infants have the motor abilities
and motivation needed to exhibit a reaching preference
under the conditions in this study. These results do not
demonstrate conclusively that sensitivity to cast shadows
as depth information is absent in 5-month-old infants.
It is possible that better experimental methods would
reveal sensitivity to cast shadows in 5-month-olds. The
results suggest, however, that depth perception based on
cast shadows may first appear between 5 and 7 months
of age.

Although the 7-month-old infants exhibited a signifi-
cant reaching preference in the monocular-viewing condi-
tion in Experiment 1, this preference was weak, and it was
less consistent than the reaching preferences exhibited by
the 5-month-olds in Experiment 2. The weakness of the
7-month-olds’ reaching preference most likely resulted
from conflict between the depth cues that were present in
the displays used in Experiment 1. Cast shadows speci-
fied that the two objects were at different distances. At the
same time, in the monocular-viewing condition, motion
parallax (generated by the infants’ head movements) and
accommodation specified that the objects were equidis-
tant. In the binocular condition, binocular disparity and
convergence also conflicted with the information pro-
vided by cast shadows and specified that the objects were
equidistant. When all of the depth cues present provide
consistent information for relative distance, as in Experi-
ment 2, 5- and 7-month-old infants consistently exhibit



strong reaching preferences, directing 75% or more of
their reaches toward the nearer of two objects or the nearer
side of a slanted object (e.g., Granrud, Yonas, & Pettersen,
1984; Yonas, Cleaves, & Pettersen, 1978). In studies of in-
fants’ sensitivity to pictorial depth cues, in which pictorial
cues for depth conflict with motion parallax and accom-
modation cues that specify equidistance, reaching prefer-
ences are consistently weaker. Seven-month-old infants
typically direct about 60%—65% of their reaches toward
the apparently nearer of two objects under monocular-
viewing conditions in these studies (e.g., Granrud, Haake,
& Yonas, 1985; Granrud & Yonas, 1984; Granrud, Yonas,
& Opland, 1985; Yonas, Cleaves, & Pettersen, 1978; Yonas
et al., 1986; Yonas et al., 1985). The 7-month-olds’ 59%
reaching preference in the present study was, therefore,
consistent with previous research in which reaching has
been used as a measure of depth perception in infants.

A consistent developmental pattern has been found in
several studies in which infants’ perception based on shad-
ing and shadows has been explored. Granrud, Yonas, and
Opland (1985) found that 7-month-old infants perceived
surface relief on the basis of shading but found no evidence
of this ability in 5-month-olds. In a more recent study by
Yonas and O’Donnell (1996), 7-month-old infants at-
tended to luminance boundaries created by changes in re-
flectance but did not attend to similar luminance boundar-
ies created by shadows. In contrast, 5S-month-olds in Yonas
and O’Donnell’s study paid equal attention to luminance
boundaries created by reflectance changes and luminance
boundaries created by shadows. It seems likely that the
ability to distinguish shadows from reflectance changes
is a prerequisite for detecting distance or shape informa-
tion provided by shadows and shading. For example, the
shadow cast by a person’s nose onto the person’s cheek
provides information about the size and shape of the nose.
But the shadow must be perceived as a shadow, and not as
a facial feature itself, for this information to be detected.
Similarly, in Figure 1, the cast shadows must be perceived
as shadows, and not as variations in reflectance, to be used
as cues for distance. The results of the present study, to-
gether with those of Yonas and O’Donnell and of Granrud,
Yonas, and Opland, suggest the hypothesis that the ability
to distinguish shadows from reflectance changes and the
abilities to perceive distance and shape from shadows and
shading appear between 5 and 7 months of age. Further-
more, the latter abilities may depend on prior development
of the former ability.

The development of sensitivity to the information pro-
vided by shading and shadows may be related to the de-
velopment of a more general perceptual ability: the ability
to perceive depth and three-dimensionality from the infor-
mation available in a single, static retinal image. Studies
have shown that 7-month-old infants perceive depth on the
basis of the pictorial (i.e., static-monocular) depth cues
of linear perspective, interposition, relative size, familiar
size, line junctions, and surface contour (Arterberry et al.,
1991; Granrud, Haake, & Yonas, 1985; Granrud & Yonas,
1984; Sen et al., 2001; Yonas & Arterberry, 1994; Yonas,
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Cleaves, & Pettersen, 1978; Yonas et al., 1986; Yonas et al.,
1985; Yonas et al., 1982). None of these studies showed
evidence that 5-month-olds are sensitive to these picto-
rial depth cues. Although future research may reveal that
5-month-old infants are sensitive to pictorial depth cues,
including cast shadows, the consistent pattern shown in
numerous studies suggests that sensitivity to many, or
all, pictorial depth cues may first appear between 5 and
7 months of age.

At present, it remains unknown what causes this appar-
ent developmental change in perception. However, sev-
eral hypotheses can be ruled out on the basis of the data
that currently exist. Arterberry etal. (1991), using a
habituation-of-looking method, found that 7-month-olds
perceive depth from linear perspective but found no evi-
dence of this ability in 5-month-olds. This suggests that
differences between 5- and 7-month-olds in responsive-
ness to pictorial depth cues cannot be attributed to the use
of reaching as a measure of depth perception. Arterberry,
Yonas, and Bensen (1989) found no differences between
7-month-olds with varying degrees of crawling experi-
ence in sensitivity to linear perspective, suggesting that
the development of sensitivity to pictorial depth cues is not
related to the development of crawling. Finally, Gunder-
son, Yonas, Sargent, and Grant-Webster’s (1993) finding
that 7-week-old pigtailed macaque monkeys perceive
depth from linear perspective and relative size indicates
that the ability to perceive depth from pictorial cues is not
acquired on the basis of learned cultural conventions, as
has sometimes been suggested (e.g., Deregowski, 1968;
Goodman, 1976; Hudson, 1967).

Several other hypotheses remain untested. For example,
Sen et al. (2001) proposed that, in the early months of life,
infants acquire implicit knowledge about regularities in
the environment that makes perception based on picto-
rial depth cues possible. They may learn, for example,
that light comes from above (necessary for perceiving
shape from shading) and that multiple linear contours
that converge in the retinal image are parallel in the three-
dimensional world (necessary for perceiving distance
from linear perspective). Using this implicit knowledge to
perceive depth, however, may depend on the maturation of
brain mechanisms that allow the top-down application of
knowledge in the interpretation of visual information. Sen
et al. hypothesized that descending neural pathways from
the temporal lobe to extrastriate areas in the occipital lobe,
which allow top-down processing in visual perception,
mature and become functional between 5 and 7 months of
age in human infants. A testable prediction implied by this
hypothesis is that many perceptual abilities that involve
using knowledge to interpret ambiguous visual informa-
tion, in addition to those used in depth perception, first
appear in infants between 5 and 7 months of age. An al-
ternative possibility is that the implicit knowledge needed
for depth perception from pictorial cues was built into the
visual system during our evolutionary history and is not
acquired through experience. Further research, such as
animal studies in which early visual experience is care-
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fully controlled, will be needed to test these hypotheses
and to identify the specific brain mechanisms involved in
the perceiving of depth from pictorial cues.
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