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Developmental trends in utilizing perceptual
closure for grouping of shape: Effects of
spatial proximity and collinearity

BAT-SHEVA HADAD and RUTH KIMCHI
University of Haifa, Haifa, Israel

In two experiments, visual search was used to study the grouping of shape on the basis of perceptual
closure among participants 5-23 years of age. We first showed that young children, like adults, demon-
strate an efficient search for a concave target among convex distractors for closed connected stimuli
but an inefficient search for open stimuli. Reliable developmental differences, however, were observed
in search for fragmented stimuli as a function of spatial proximity and collinearity between the closure-
inducing fragments. When only closure was available, search for all the age groups was equally efficient
for spatially close fragments and equally inefficient for spatially distant fragments. When closure and
collinearity were available, search for spatially close fragments was equally efficient for all the age
groups, but search for spatially distant fragments was inefficient for younger children and improved
significantly between ages 5 and 10. These findings suggest that young children can utilize closure as
efficiently as can adults for the grouping of shape for closed or nearly closed stimuli. When the closure-
inducing fragments are spatially distant, only older children and adults, but not 5-year-olds, can utilize

collinearity to enhance closure for the perceptual grouping of shape.

The consciously perceived visual world is strikingly
different from the unstructured mosaic of intensities and
colors that stimulates the retina. Internal processes of per-
ceptual organization have, therefore, been postulated to
structure these bits and pieces of visual information into
the larger coherent units that we experience as environ-
mental objects. Gestalt psychologists have suggested that
perceptual organization is achieved by grouping elements
together by virtue of certain properties that are present
in the image, including proximity, closure, good con-
tinuation, common motion, and similarity (Wertheimer,
1923/1955).

The growing body of research on perceptual organiza-
tion suggests that not all groupings are equal in their time
course, attentional demands, and developmental trajectory
(e.g., Behrmann & Kimchi, 2003; Ben Av & Sagi, 1995;
Kellman, 1996; Kimchi, 1998, 2000; Kimchi, Hadad,
Behrmann, & Palmer, 2005; Kimchi & Razpurker-Apfeld,
2004; Kovacs, Kozma, Feher, & Benedek, 1999; Kurylo,
1997; Quinn, Bhatt, Brush, Grimes, & Sharpnack, 2002;
Spelke, 1982). This study focuses on the development
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of the ability to utilize closure and its combination with
collinearity and proximity to organize fragmented image
contours into shapes.

The Gestalt psychologists noted that perceptual clo-
sure plays a crucial role in perceptual organization and,
in particular, in determining the shape of an object: “If
a line forms a closed, or almost closed, figure, we see
no longer merely a line on a homogeneous background,
but a surface figure bounded by the line” (Koftka, 1935,
p. 150). Several psychophysical studies with adults have
documented the role of closure in perceptual organization
(e.g., Elder & Zucker, 1993, 1994, 1998; Kimchi, 2000;
Kovacs & Julesz, 1993; Saarinen & Levi, 1999). For ex-
ample, contour detection sensitivity is greater for frag-
mented closed contours (against a cluttered background)
than for open contours (Kovacs & Julesz, 1993), shape
discrimination is more precise for closed contours than for
nonclosed contours (Saarinen & Levi, 1999), and search
for a concave target among convex distractors is efficient
for closed stimuli but inefficient for open stimuli (Elder
& Zucker, 1993). Elder and Zucker (1993) further showed
that target detection time for fragmented stimuli decreases
monotonically as the length of the connecting segments
increases, supporting the notion of a closure continuum
(see also Gillam, 1975).

Several studies have demonstrated the advantage of
the combination of closure and collinearity over closure
alone. Target search is more efficient when distractors are
grouped by closure and collinearity than when grouped by
closure alone (Donnelly, Humphreys, & Riddoch, 1991),
and reversals in contrast polarity along bounding contours
have a detrimental effect on search efficiency when they
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occur at points of high degree of change in contour direc-
tion, but not when they occur at straight contour segments
(Spehar, 2002). Of particular relevance to the present ar-
ticle, microgenetic studies of the perceptual organization
of line configurations have shown that when gaps occur
at the corners of a “square” configuration, the global con-
figuration of spatially close line segments, but not of dis-
tant line segments, is primed at brief exposures. When the
gaps occur at the center of the “square” lines—namely,
separating collinear lines—the global configurations of
both spatially close and spatially distant line segments are
primed at brief exposures (Kimchi, 2000). These findings
suggest that spatial proximity facilitates rapid grouping by
closure but grouping by closure and collinearity combined
is not affected by spatial proximity.

Research on the development of perceptual organiza-
tion has focused mainly on the emergence of perceptual
organization abilities in infancy. Few studies, however,
have directly examined perceptual organization with re-
spect to closure. Studies of infants suggest that in addi-
tion to common motion (e.g., Kellman & Spelke, 1983),
young infants respond to good continuation and proximity
(e.g., Ghim, 1990; Johnson & Aslin, 1995, 1996; Kavsek,
2002; Quinn, Brown, & Streppa, 1997; Smith, Johnson, &
Spelke, 2003; Van Giffen & Haith, 1984). For example, if
edges are not aligned or are separated by a large gap, young
infants do not perceive them as connected, even if the sur-
faces undergo common motion (Johnson & Aslin, 1995,
1996; Smith et al., 2003). Quinn et al. (1997) reported
that 3- and 4-month-old infants parsed two overlapping
forms by good continuation and, perhaps, closure. Evi-
dence concerning infants’ sensitivity to good continuation
comes also from developmental studies of the perception
of illusory contours. Csibra (2001) showed that 8-month-
olds, but not 5-month-olds, perceive the figure formed by
illusory contours as having the properties of a real object
that can act as an occluding surface, but Kavsek (2002)
obtained evidence for the perception of static illusory con-
tours in 4-month-olds when the inducing elements were in
close physical proximity. Recently, Gerhardstein, Kovacs,
Ditre, and Feher (2004), using Gabor-based stimuli and
a contour integration task, found that 3-month-olds are
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able to rely on good continuation of contour elements, al-
though their ability is far from adult-like, but they appear
to be completely insensitive to closure.

Studies of the development of perceptual organization
beyond the 2nd year of age are few and far between, but
those that exist indicate that some perceptual organiza-
tion abilities remain incomplete well into childhood (e.g.,
Kaldy & Kovacs, 2003; Kimchi et al., 2005; Kovacs, 2000;
Kovacs et al., 1999; Lewis et al., 2004; Rieth & Sireteanu,
1994; Sireteanu, 2000; Sireteanu & Rieth, 1992). For ex-
ample, Kovacs (2000; Kovacs et al., 1999) found a signifi-
cant improvement in children who were between 5 and 14
years of age in visual spatial integration by using a contour
detection task with Gabor-based stimuli. Enns and Girgus
(1985) obtained evidence suggesting that kindergartners
are sensitive to closure, but Abravanel (1982), examining
recognition of completed shapes formed by illusory con-
tours, found that the recognition accuracy of 3-year-olds
averaged 60%, and it increased to 100% by age 5. We do
not know, however, of any study in which the develop-
ment of the ability to utilize closure or the combination of
closure with collinearity and proximity for the perceptual
grouping of shape in younger and older children has been
examined directly.

This study was designed to fill this gap by comparing
the performance of 5- and 10-year-old children and young
adults in a visual search task similar to the one used by
Elder and Zucker (1993). Participants searched as quickly
and accurately as possible for a concave target among a
variable number of convex distractors. The basic stimuli
were composed of two unconnected line segments (see
Figure 1). The line segments were the same for the concave
and convex stimuli, but their placement relative to each
other differed, bending inward for the concave stimuli and
outward for the convex ones. Therefore, the discrimina-
tion between target and distractors required grouping of
the contour segments into coherent 2-D shapes.

Experiment 1 compared children’s and adults’ utiliza-
tion of closure in shape perception by examining perfor-
mance in this visual search task for open versus closed
stimuli. The results demonstrated that for young children,
as for adults, search efficiency is high for closed connected
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Figure 1. Examples of search displays for the open and the closed stimuli in Ex-
periment 1. The target (T) and distractors (D) for each example are indicated. The

examples illustrate a display size of 6.
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stimuli but low for open stimuli. In natural scenes, how-
ever, closed connected contours often appear in the image
as fragmented, due, for example, to occlusion. The percep-
tual system must group the image fragments and uncover
the shape of the object. Previous research with adults sug-
gests that the efficiency of grouping fragmented images
into a shape depends on the size of the gaps between the
closure-inducing fragments (Elder & Zucker, 1993) and
on the distribution of the gaps along the contour—whether
the gaps occur at points of change in contour direction
or at straight contour segments (Kimchi, 2000; Spehar,
2002). Accordingly, Experiment 2 compared the ability
of children and adults to utilize closure in visual search
for fragmented stimuli that vary in the spatial proximity
between the closure-inducing line segments and the pres-
ence or absence of collinearity.

EXPERIMENT 1

In this experiment, participants had to detect the pres-
ence or absence of a spindle-like (concave) shape among
a variable number of barrel-like (convex) shapes that were
either open or fully closed (Figure 1). The primary de-
pendent variable was search rate, defined by the slope of
the best-fitting linear reaction time (RT) function over the
number of items in the display. Target search is considered
efficient and effortless if the time taken to detect a target
is independent of the number of items in the display. If the
time taken to detect the target increases with the number
of items in the display, search is considered inefficient and
effortful (e.g., Duncan & Humphreys, 1989; Treisman &
Gormican, 1988).

Previous studies with adults showed fast and efficient
search for the closed stimuli and slow and inefficient
search for the open ones (Elder & Zucker, 1993), suggest-
ing that closure plays a critical role in shape perception.
This experiment addressed the question of whether chil-
dren’s utilization of closure in shape perception is similar
to that of adults.

Method

Participants. One hundred nineteen participants were tested:
forty 5-year-olds (M = 5.2, range = 4.11-5.9), thirty-nine 10-year-
olds (M = 10.6, range = 9.4-10.8), and forty 23-year-olds (M =
23, range = 18-30). All the participants had normal or corrected-to-
normal vision. All the experiments with children were conducted in
kindergartens and schools in the Haifa district and were approved by
the University of Haifa Ethical Committee. Informed consent was ob-
tained from the parents after the procedure had been fully explained.

Apparatus. Display presentation and data collection were con-
trolled by a Dell GX-270 PC (adults) or an IBM T21 portable com-
puter (children). The participants responded by pressing on computer
keyboard keys (adults) or by moving a joystick upward or downward
(children).

Stimuli. The basic stimuli were composed of two unconnected bent
lines of equal size, spatially arranged to form a concave, spindle-like
shape (the two lines bending inward) and a convex, barrel-like shape
(the two lines bending outward). Target and distractor configura-
tions for the open and closed conditions are depicted in Figure 1. In
the open condition, the target (the concave shape) and the distractors
(the convex shapes) were composed of just the two unconnected
lines. In the closed condition, the target and the distractors were

closed shapes formed by adding two identical connecting lines at
the top and bottom of each of the open figures. The length of the
top and bottom connecting lines was identical for the target and the
distractors. The stimuli were randomly presented in one of 36 pos-
sible orientations. At a viewing distance of 70 cm, each configura-
tion subtended 1.88° in height and 1.47° in width (width refers to the
distance between the end points of the bent lines). Contour length
was identical for the convex and the concave shapes. The distance
between the convex inflection points (the convex shape) subtended
1.88°, and the distance between the concave inflection points (the
concave shape) subtended 0.98°. Display sizes of 2, 6, or 10 items
were used. The items were presented in jittered random locations in
a5 X 4 matrix subtending 15.95° X 12.88°.

Design and Procedure. The experiment employed an orthogonal
combination of four factors: age (5, 10, or 23 years), stimulus (open
or closed), trial type (target present or absent), and display size (2,
6, or 10). Age and stimulus were between-subjects factors. Trial type
and display size were manipulated within subjects and randomized
within block, with each combination occurring on an equal number
of trials. There were 72 trials in an experimental block, preceded by
24 practice trials. Considerable practice and feedback were given to
ensure that the children understood the task and were not distracted
from it. The children were given initial training using cardboard pic-
tures. The experimental block was divided into six subblocks of 12
trials. To increase children’s motivation, we used vivid pictures to
present a story about a character on a mission (e.g., a monkey trying
to reach bananas) and told the children that their own progress in the
task would help the character reach its goal.

Each trial started with a central fixation cross presented for
500 msec. Following a 500-msec interval, the target display ap-
peared and remained present until response or 7 sec had elapsed.

Results and Discussion

All summaries and analyses of RT were based on par-
ticipants’ mean RTs for correct responses. Mean RTs and
error rates (ERs) for all age groups as a function of display
size and stimulus on target-present and target-absent tri-
als are presented in Table 1. The participants in all the age
groups were highly accurate (mean ER = 4.8%, 1.9%,
and 2.5%, for 5-, 10-, and 23-year-olds, respectively). A
mixed design ANOVA (age X stimulus X trial type X
display size) conducted on the ER data showed that young
children were less accurate than adults [F(2,113) = 10.19,
p < .0001], and all the participants were less accurate in
search for open than for closed stimuli [F(1,113) = 7.29,
p < .008]. ER was higher for target-present trials (av-
erage, 4.2%) than for target-absent trials (average, 2%)
[F(1,113) = 23.19, p < .0001], suggesting that the par-
ticipants made more misses than false alarms. This effect
interacted with age [F(2,113) = 3.89, p < .025], with the
adults making hardly any false alarms, indicating that the
adults were more liberal than the young children in their
accuracy criterion in the target-present trials. No other re-
liable interactions involving age or any other indications
of speed—accuracy trade-offs were found.

Two RT measures were examined: baseline RT (RT for
a display size of 2), conventionally considered to measure
response speed independently of search rate, and the slope
of the best-fitting linear function relating RT to display size,
conventionally considered to measure search efficiency.

Mean baseline RTs and RT slopes for target-present
trials are depicted in Figure 2 as a function of age and
stimulus. Our RT analyses focused on target-present data
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Table 1
Mean Reaction Times (RTs, in Milliseconds) and Error Rates (ERs, in Percentages)
on Target-Present and Target-Absent Trials in Experiment 1

Display Size
Age 5 Age 10 Age 23
2 6 10 2 6 10 2 6 10

Stimulus. RT ER RT ER RT ER RT ER RT ER RT ER RT ER RT ER RT ER

Target Present

Open 1,815 58 2223 78 2318 20 1,165 1.6 1,383 23 1,517 52 694 32 813 338 887 9.5
Closed 1,462 38 1473 54 1460 42 1,008 1.9 987 12 1,007 04 595 1.6 592 2.0 641 2.8
Target Absent
Open 2,018 23 2,662 32 2963 26 1328 24 1,785 20 2,112 18 754 10 967 0.7 1,158 04
Closed 1,659 3.0 1,609 48 1,519 26 1,107 1.2 1,001 19 1,087 0.8 638 1.6 709 1.2 756 1.3

because only target-present trials require a discrimination
of'the target from the distractors and because target-absent
slopes provide less reliable measures of search efficiency
because of the variable criteria used for deciding target
absence (Chun & Wolfe, 1996).!

A between-subjects ANOVA (age X stimulus) con-

the relative spatial placement of the two line segments for
each stimulus. Thus, the age-related improvements for the
open stimuli may be a result of improvements in spatial
abilities (e.g., Kimchi et al., 2005; Stiles, 2001).

ducted on baseline RTs (Figure 2A) showed, as was ex- A

pected, that baseline RTs decreased significantly with 2.300 - — s Closed stimull
age [F(2,113) = 157.69, p < .0001]. Responses to closed

stimuli were faster than those to open ones [F(1,113) = 2,100 1 i\ — - Open stimuli
19.43, p <.0001], but this difference did not vary signifi- < 1,900 -

cantly with age [F(2,113) = 2.80, p > .065], suggesting o

no differential developmental changes in target—distractor £ 1,700 1

discriminability for the different stimuli. 2 1,500 -

The central analysis concerned the RT slopes as an =
index of search efficiency. This analysis revealed a sig- g 1,800 7
nificant effect of stimulus [F(1,113) = 55.98, p < .0001] S 1100 -
and a significant interaction between age and stimu- 3
lus [F(2,113) = 5.42, p < .006], indicating age-related T 900 1
changes in search rate that depended on the stimulus in- 700 A
volved (Figure 2B). The RT slopes for the closed stimuli
were shallow (—0.3, —0.1, and 5.8 msec/item for 5, 10, 500 ' ' :
and 23 years, respectively), demonstrating an equally ef-
ficient search in all the age groups (¥ < 1). The RT slopes B
for the open stimuli were considerably steeper, indicat- 80 1
ing an inefficient search (63, 44, and 24.2 msec/item for =3 70 1
5, 10, and 23 years, respectively) that improved with age riz’

[F(2,57) = 6.48, p < .003]. Post hoc Duncan compari- 8 601 S
sons showed a significant difference in RT slopes only € 50 Y
between ages 5 and 23 (p < .05). Py \{\

These results clearly show that search efficiency for a & 40 1 \\\
concave target among convex distractors was high for ﬁ 30 N
closed stimuli for all the age groups, whereas search for £ “H
the open stimuli was inefficient and improved with age. 'i 201
These findings suggest that closure plays a similar role in S 10 -
shape perception for young children and adults. Five- and 3 0 1’/‘I
10-year-olds, like adults, are able to derive the shape of a & T ' '
closed figure, although encountering difficulty in doing -10 -
so when closure is absent. This difficulty was more pro- 5 10 23

nounced in younger children, as is evident in the age-
related improvement in search rates. In the absence of clo-
sure (i.e., the open stimuli), the discrimination between the
concave and the convex stimuli cannot be based on shape
properties but, rather, requires an explicit apprehending of

Age (years)

Figure 2. Search results for target-present trials in Experi-
ment 1: (A) Mean baseline reaction times and (B) search slopes
for open and closed stimuli as a function of age.
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Having demonstrated that young children are as good as
adults in deriving the shape of a closed, connected figure,
we now will turn to an examination of the ability of children
and adults to utilize closure in fragmented figures as a func-
tion of the spatial proximity between the closure-inducing
fragments and the presence or absence of collinearity.

EXPERIMENT 2

This experiment employed the same visual search task
as that in Experiment 1: Participants had to detect the pres-
ence or absence of a spindle-like (concave) shape among a
variable number of barrel-like (convex) shapes. Target and
distractors were disconnected line configurations in which
the spatial proximity between the line segments varied and,
depending on the location of the gaps, either closure alone
or closure and collinearity were present (Figure 3).

Given Kimchi’s (2000) microgenetic results, we ex-
pected a differential effect of spatial proximity on adults’
search rate for the two types of stimuli. Target search was
expected to be efficient for both the closure and the closure-
and-collinearity stimuli when the closure-inducing line
segments were spatially close, but only for the closure-and-
collinearity stimuli when the line segments were spatially
distant. The critical question, however, concerned age-
related changes as a function of stimuli (closure vs. closure
and collinearity) and spatial proximity (small vs. large gap).

Method

Participants. Two-hundred thirty-nine new participants were
tested: seventy-two 5-year-olds (M = 5.2, range = 4.6-5.10), eighty-

four 10-year-olds (M = 10.4, range = 9.6-10.11), and eighty-three
23-year-olds (M = 22.9, range = 20-31).

Stimuli. The closed connected concave and convex shapes used in
Experiment 1 were adapted to form two types of fragmented stimuli.
The closure stimuli were generated by removing the end portions in
each of the top and bottom connecting lines, yielding a fragmented
figure with four gaps. The closure-and-collinearity stimuli were
generated by removing the central portion in each of two connecting
lines so that the remaining portions of each connecting line were
collinear, yielding a fragmented figure with two gaps. The line seg-
ments were either spatially close (small gap condition) or spatially
distant (large gap condition). For each stimulus type—closure and
closure-and-collinearity stimuli—the size of the line segments was
kept the same in the two gap conditions.? The total gap size was
the same for the closure and the closure-and-collinearity stimuli
for each gap condition. Target and distractor configurations for the
four combinations of stimulus and gap are presented in Figure 3. At
a viewing distance of 70 cm, the stimuli subtended 1.88° X 1.47°
and 1.88° X 1.97° for the small-gap and the large-gap conditions,
respectively. The gaps between the lines in the closure stimuli sub-
tended 0.24° each in the small gap condition and 0.49° each in the
large gap condition. The gaps in the closure-and-collinearity stimuli
subtended 0.48° each in the small gap condition and 0.98° each in the
large gap condition. Display sizes of 2, 6, or 10 items were used. The
items were presented in jittered random locations in a 5 X 4 matrix
subtending 15.95° X 12.88°.

Design and Procedure. The experiment employed an orthogo-
nal combination of five factors: age (5, 10, or 23 years), gap (small
or large), stimulus (closure or closure and collinearity), trial type
(target present or absent), and display size (2, 6, or 10). Age, gap,
and stimulus were between-subjects factors. Trial type and display
size were manipulated within subjects and randomized within block,
with each combination occurring on an equal number of trials. There
were 72 trials in an experimental block, preceded by 24 practice tri-
als. All other aspects of the design and procedure were the same as
those in Experiment 1.
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Figure 3. Examples of search displays in Experiment 2. An example is shown for each combination
of stimulus (closure or closure and collinearity) and gap (small or large). The target (T) and distrac-
tors (D) for each example are indicated. The examples illustrate a display size of 6.
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Results and Discussion

Mean RTs and ERs for all the age groups as a function
of display size, stimulus, and gap size for target-present
and target-absent trials are presented in Table 2. The par-
ticipants in all the age groups were highly accurate (mean
ER = 3.3%, 1.8%, and 2.3%, for 5-, 10-, and 23-year-
olds, respectively). A mixed design ANOVA (age X gap X
stimulus X trial type X display size) conducted on the ER
data showed that young children were less accurate than
adults [F(2,227) = 5.32, p < .006]. The participants made
slightly more misses (average, 2.9%) than false alarms (av-
erage, 2%) [F(1,227) = 13.04, p < .0004]. No interactions
involving age were found, and there was no indication of
speed—accuracy trade-offs.

Mean baseline RTs and RT slopes for target-present tri-
als are shown in Figure 4 as a function of age, gap, and
stimulus. Again, we focused on target-present data, for the
reasons reported in Experiment 1.3

A between-subjects ANOVA (age X gap X stimulus)
conducted on the baseline RTs (Figure 4A) showed,
as was expected, that baseline RT decreased with age
[F(2,227) = 255.84, p < .0001]. RTs for closure-and-
collinearity stimuli were shorter than those for closure
stimuli [F(1,227) = 4.37, p < .04], but this effect did not
vary with age [F(2,227) = 1.51, p > .22], suggesting no
differential developmental changes in target—distractor
discriminability for the different stimuli. No other main
effect or interaction was significant.

The analysis of the RT slopes revealed reliable develop-
mental differences in search rates that depended on both
stimulus and gap [F(2,227) = 3.14, p < .05]. As can be
seen in Figure 4B, spatial proximity between the line seg-
ments had a similar effect on children and adults’ search
for the closure stimuli, but a different effect on their search
for the closure-and-collinearity stimuli. For the closure
stimuli, the effect of gap was significant [F(1,121) =
17.2, p <.0001] and did not vary with age (£ < 1). When
the gap was small, RT slopes were shallow (—1, 8.8, and
7.1 msec/item for 5-, 10-, and 23-year-olds, respectively),
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indicating an equally efficient search in all the age groups
(F < 1). When the gap was large, RT slopes were consid-
erably steeper (21, 24.2, and 24.3 msec/item, for 5-, 10-,
and 23-year-olds, respectively), indicating an inefficient
search that also did not vary with age (¥ < 1). For the
closure-and-collinearity stimuli, however, there was a sig-
nificant effect of gap [F(1,106) = 16.42, p < .0001] and
a significant interaction between gap and age [F(2,106) =
7.88, p < .0006], suggesting age-related changes that de-
pended on gap size. In the case of a small gap, all the age
groups exhibited shallow slopes (—4.8, 2.6, and 3.5 msec/
item for 5-, 10-, and 23-year-olds), indicating an efficient
search that did not vary with age [F(2,51) = 1.16, p >
.32]. In the case of a large gap, search rate improved con-
siderably with age [F(2,55) = 7.29, p < .002], from an
inefficient search at age 5 (slope = 39.7 msec/item) to an
efficient search in older age (slope = 11.4 and 5.6 msec/
item, for 10- and 23-year-olds, respectively). Post hoc
Duncan comparisons revealed a significant decrease in
RT slope between 5 and 10 years of age (p < .05) and no
change from age 10 to adulthood.

The results for 10-year-olds and adults showed that the ef-
fect of spatial proximity between the closure-inducing line
segments on search performance depended on whether
closure alone or closure and collinearity were available.
When closure alone was present in the stimuli, search for
the shape of spatially close line segments was highly effi-
cient, whereas the shape of spatially distant line segments
was searched inefficiently. When both closure and collin-
earity were available, the shape of both spatially close and
spatially distant line segments was searched efficiently.
The performance of the 5-year-olds, however, depended
on spatial proximity between the line segments, regard-
less of whether closure alone or closure and collinearity
were available. Their search was efficient for the shapes of
spatially close line segments and inefficient for shapes of
spatially distant line segments. Note that the difference in
the overall size of the stimuli between the two gap condi-
tions cannot account for the present results, because no

Table 2
Mean Reaction Times (RTs, in Milliseconds) and Error Rates (ERs, in Percentages) on Target-Present
and Target-Absent Trials in Experiment 2

Display Size
Age5 Age 10 Age 23
2 6 10 2 6 10 2 6 10
Stimulus RT ER RT ER RT ER RT ER RT ER RT ER RT ER RT ER RT ER
Target Present
CLO-S 1,753 73 1,718 3.1 1,747 3.0 1,104 13 1,128 03 1,174 1.0 652 2.6 664 1.8 708 4.0
CLO-L 1,781 3.1 1,831 33 1,949 46 1,125 42 1,308 1.0 1,318 1.6 705 25 859 4.7 900 7.2
CLO+COL-S 1,773 2.1 1,791 2.0 1,734 3.5 949 23 909 1.2 970 24 601 1.4 619 1.5 629 2.8
CLO+COL-L 1,758 3.8 2,121 29 2,076 4.2 930 3.6 1,002 2.8 1,021 2.8 602 42 622 1.3 647 3.1
Target Absent
CLO-S 1,982 50 2,232 59 2381 38 1,264 1.0 1355 1.7 1426 1.0 703 1.8 837 1.2 886 0.4
CLO-L 2,155 3.7 2469 03 2,757 34 1368 19 1832 13 2199 31 837 29 1,180 08 1,394 0.7
CLO+COL-S 1942 35 1921 31 1955 1.0 986 2.0 1,067 2.0 1,073 16 630 28 668 1.5 718 1.0
CLO+COL-L 1960 19 2,192 14 2,528 23 1,018 2.6 1,140 08 1232 12 622 29 688 0.7 741 1.7

Note—CLO, closure; CLO+COL, closure and collinearity; S, small gap; L, large gap.
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Figure 4. Search results for target-present trials in Experi-
ment 2: (A) Mean baseline reaction times and (B) search slopes
for the closure and the closure-and-collinearity stimuli as a func-
tion of gap (SG, small gap; LG, large gap) and age.

age-related changes as a function of gap were observed for
the closure stimuli. It is only when closure was combined
with collinearity that a differential age-related change as
a function of gap was observed.

One may argue that it is not the combination of clo-
sure with collinearity that accounts for the difference in
results for the closure versus the closure-and-collinearity
stimuli in the large gap condition but, rather, local corner
information. That is, shape discrimination for the closure-
and-collinearity stimuli was based on the acute and obtuse
angles generated by the corners of the concave and convex
stimuli, respectively, and since this information was not
available for the closure stimuli, target search was inef-
ficient. Our results demonstrating similar efficient search
for both types of stimuli in the small gap condition, as well
as the results of Elder and Zucker (1993), showing that
local corner information does not play an important role in
the shape discrimination, are inconsistent with this alter-

native account. To further rule it out, we replicated Elder
and Zucker’s (1993) experiment with the stimuli depicted
in Figure 5, in which the corners point outward but the
angular difference between the target and the distractors is
the same as in the closure-and-collinearity stimuli.*

As can be seen in Figure 6, RT slopes for these stimuli
were steep (109.1, 113.6, and 94.7 msec/item for 5-, 10-,
and 24-year-olds, respectively), indicating an inefficient
search that did not vary with age (F' < 1). These findings
clearly show that local corner information cannot account
for the search performance. Rather, it is the combination
of closure and collinearity that accounts for the difference
in search efficiency between the closure-and-collinearity
and the closure stimuli that was observed for 10-year-olds
and adults in the large gap condition.

Thus, the present results suggest that young children,
like adults, can utilize closure for the perceptual grouping
of shape when the closure-inducing line segments are spa-
tially close. Only older children and adults, but not 5-year-
olds, are able to use collinearity to enhance closure when
the closure-inducing line segments are spatially distant.

Interestingly, search in the small gap conditions in the
present experiment (for both the closure and the closure-
and-collinearity stimuli) was as efficient as search for
the closed connected stimuli in Experiment 1, for all the
age groups. These findings converge with previous find-
ings suggesting that contrary to Palmer and Rock’s (1994)
proposal, uniform connectedness may not play a crucial
role in early perceptual organization in both adults (Han,
Humbhreys, & Chen, 1999; Kimchi, 1998, 2000) and chil-
dren as young as 5 years old (see also Kimchi et al., 2005).

GENERAL DISCUSSION

The results of Experiment 1 showed that young chil-
dren and adults can efficiently search for a concave target
among convex distractors for closed, connected stimuli
but demonstrate an inefficient search for open stimuli.
In natural scenes, however, closed figures are often frag-
mented, with gaps varying in size, and, depending on the

IR
RS
1~ 0

Figure 5. An example of the search displays for the control con-
dition in Experiment 2.
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Figure 6. Search slopes for target-present trials in the control
condition in Experiment 2 as a function of age.

gaps’ distribution along the contour, collinearity may be
present in the image. Therefore, the main objective of this
study was to examine developmental trends in the ability
to utilize closure as a function of the spatial proximity be-
tween the closure-inducing fragments and the presence or
absence of collinearity. The results of Experiment 2 show
that when closure alone was available in the stimuli, the
performance of both young children and adults was af-
fected by spatial proximity, and no age-related changes
were observed. For all the age groups considered, search
for the shape of spatially close line segments was equally
efficient, whereas the shape of spatially distant line seg-
ments was searched equally inefficiently. When closure
and collinearity were available, age trends in search rates
differed as a function of the spatial proximity between the
closure-inducing line segments. Search for the shape of
spatially close lines was equally efficient for all the age
groups. However, when the line segments were spatially
distant, search was inefficient for the younger children
and improved significantly in the transition from ages 5
to 10.

The search performance of 10-year-olds and adults in-
dicate that spatial proximity between the closure-inducing
line segments influenced grouping into a shape for the
closure stimuli, but not for the closure-and-collinearity
stimuli. These results converged with microgenetic results
in adult observers (Kimchi, 2000), which demonstrated
that spatial proximity can facilitate rapid grouping into a
shape by closure but that grouping by closure and collin-
earity combined is not affected by spatial proximity. Other
studies also have shown the superiority of the combination
of closure and collinearity over closure alone (Donnelly
etal., 1991; Spehar, 2002). The present results further
demonstrate that the combination of closure and collinear-
ity is particularly powerful for grouping of line segments
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into a shape when the closure-inducing line segments are
not in close proximity.

The search performance of the 5-year-olds, however,
appears to depend critically on the spatial proximity be-
tween the closure-inducing line segments: It was as ef-
ficient as that of older children and adults when the lines
were spatially close but was inefficient when the lines
were spatially distant, regardless of whether closure alone
or closure and collinearity were available.

Taken together, these results indicate that both children
as young as 5 years of age and adults can use closure, in
an equally efficient manner, for the organization of un-
connected line segments into a shape, provided that the
closure-inducing line segments are in close spatial prox-
imity. However, when the closure-inducing line segments
are spatially distant, yielding relatively weak closure, only
older children (i.e., 10-year-olds) and adults can utilize
collinearity, when available, to enhance closure for the
perceptual grouping of shape.

The finding of a significant improvement in the ability
to utilize collinearity for spatially distant line segments
between ages 5 and 10 converges with the findings of
Kovacs (2000; Kovacs et al., 1999), suggesting a lon-
ger developmental progression in the ability to employ
long-range contour interpolation. It has been suggested
that cortical connectivity in Layers 2/3 of V1 that seem
to be immature even at 5 years of age (Burkhalter, Ber-
nardo, & Charles, 1993), on the one hand, and a delayed
development of feedback connections between V1 and
V2 (Burkhalter, 1993), on the other, underlie the reduced
contour integration ability in young children. These later-
developing connections are believed to be part of the
physiological mechanism that enables collinearity and,
possibly, closure detection (Kovacs, 1996).

Before concluding, it is important to note that our re-
sults are generally consistent with the idea that perceptual
closure is not an all-or-none phenomenon but, rather, a
continuum (Elder & Zucker, 1993, 1994; Gillam, 1975).
Our results, however, are inconsistent with the particular
proposal of Elder and Zucker (1994). They proposed a
measure of perceptual closure that emphasizes large gaps,
relative to small ones (for a total gap size). Thus, accord-
ing to Elder and Zucker’s (1994) proposal, performance
for the closure stimuli should be superior to that for the
closure-and-collinearity stimuli because there are four
smaller gaps in the former versus two larger gaps in the
latter (for each gap condition). Our results, however, did
not confirm this prediction. In the small gap condition, for
all the age groups, search was equally efficient for both
the closure and the closure-and-collinearity stimuli. The
results for the large gap condition, at least for 10-year-olds
and adults, are even more striking: Search was efficient
for the closure-and-collinearity stimuli but inefficient for
the closure stimuli. These results indicate that large gaps
separating collinear lines (thus allowing collinearity to
be used, as in the closure-and-collinearity stimuli) have a
marginal effect on the efficiency of grouping into a shape,
whereas smaller gaps separating noncollinear lines (as in
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the closure stimuli) can have a detrimental effect when the
total gap size is rather large.

In sum, we demonstrated that young children can utilize
closure as efficiently as adults for the perceptual group-
ing of shape for closed or nearly closed stimuli. When the
closure-inducing fragments are spatially distant, older chil-
dren and adults, but not 5-year-olds, can utilize collinearity
to enhance closure for the perceptual grouping of fragments
into a shape. These findings converge with previous find-
ings, both behavioral and neurophysiological, suggesting
that the mechanisms underlying long-range contour inter-
polation are slow to reach functional maturity.
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NOTES

1. The target-absent data showed a pattern of results similar to that for
the target-present data. The age X stimulus X trial type interaction was
not significant for baseline RT (F < 1), and although this interaction was
significant for RT slopes [F(2,113) = 3.22, p < .05], a breakdown of this
interaction showed no significant age X trial type interaction either for
the open stimulus [F(2,57) = 1.52, p > .23] or for the closed stimulus
[F(2,56) = 2.52, p > .09], indicating similar age trends in target-present
and target-absent trials for both stimuli.

2. This ensured that the two gap conditions differed in spatial proximity
between the closure-inducing line segments. Obviously, this resulted in a
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difference in the overall size of the stimuli between the two gap conditions.
If, however, the overall size of the stimuli was kept the same in the two gap
conditions, spatial proximity would be confounded with amount of visible
information (i.e., the size of the closure-inducing line segments).

3. The target-absent data showed a similar pattern of results; the age X
stimulus X gap X trial type interaction was not significant [F' < 1 and
F(2,227) = 2.84, p > .06, for baseline RT and RT slopes, respectively].

4. Thirty-eight new participants, ten 5-year-olds (M = 5.7, range =
4.8-5.11), eighteen 10-year-olds (M = 10.7, range = 9.4-10.11), and
ten 24-year-olds (M = 24, range = 20-30) were tested in this control
condition. Each stimulus subtended 1.88° X 2.61°. All other aspects of
the displays, design, and procedure were the same as those in the main
experiment.

(Manuscript received August 23, 2005;
revision accepted for publication January 4, 2006.)



