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Abstract The perception of shape from shading was
tested in two chimpanzees (Pan troglodytes) and five hu-
mans (Homo sapiens), using visual search tasks. Subjects
were required to select and touch an odd item (target)
from among uniform distractors. Humans found the target
faster when shading was vertical than when it was hori-
zontal, consistent with results of previous research. Both
chimpanzees showed the opposite pattern: they found the
target faster when shading was horizontal. The same dif-
ference in response was found in texture segregation
tasks. This difference between the species could not be
explained by head rotation or head shift parallel to the sur-
face of the monitor. Furthermore, when the shaded shape
was changed from acircle to a square, or the shading type
was changed from gradual to stepwise, the difference in
performance between vertical and horizontal shading dis-
appeared in chimpanzees, but persisted in humans. These
results suggest that chimpanzees process shading infor-
mation in a different way from humans.

Key words Shape from shading - Visual search -
Texture segregation - Chimpanzees - Humans

Introduction

When we humans look at circles with gray-scale shading
from top to bottom (vertical) on a gray background, as
shown in the left panel of Fig. 1, we easily perceive a con-
vex circle among concave ones. If this panel is rotated
180°, we perceive a concave circle among convex ones. In
the right panel, circles are shaded from left to right (hori-
zontal). This change of shading direction causes drastic
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perceptual change: it is very hard to detect an odd item
among distractors. As these examples show, shading, which
can be defined as variation in luminance, provides an ef-
fective source of visua information about the three-di-
mensional shapes of objects. The perception of three-di-
mensional depth or shape from shading has been fre-
quently studied in humans ever since the 18th century (e.g.,
Aks and Enns 1992; Benson and Yonas 1973; Berbaum et
al. 1983; Brewster 1847; von Fieandt 1938; Granrud et al.
1985b; Kleffner and Ramachandran 1992; Metzger 1936;
Mingolla and Todd 1986; Ramachandran 1988a, b; Ritten-
house 1786; Todd and Mingolla 1983; Yonas et al. 1979).

Shading alone provides ambiguous information for the
visual system. To extract three-dimensional shape (depth)
from two-dimensional shading, two constraints or as-
sumptions are required (Ramachandran 19883, b; Kleffner
and Ramachandran 1992). First, there must be a single
source of light illuminating the whole scene. Second, and
more importantly, light must be shining from “above” in
relation to retinal coordinates (Brewster 1847; Kleffner
and Ramachandran 1992). These two assumptions are quite
appropriate considered in normal “ecological” or “etho-
logical” contexts, but may not be universally appropriate.
Imagine, for instance, animals adapted to an environment
in which light shines from a source that is not hecessarily
above the animal (e.g., dolphins freely moving under the
sea), animals living in an environment with multiple light
sources (e.g., extraterrestrial organisms that have evolved
on a planet with two suns), or animals reared in an artifi-
cial environment in which the light comes from “below”
(e.g., Hershberger 1970; Hess 1950, 1961). Comparative
or developmental studies on the perception of shape from
shading are required to investigate the validity of these as-
sumptions. Are they valid for animals other than humans?
Are they a consequence of evolution? Can these con-
straints be modified by experience in early development
or are they genetically fixed?

Developmental changes of sensitivity to shading cues
have been studied in two different ways. One approach is
developmental study with human children (Benson and
Yonas 1973; von Fieandt 1938; Granrud et al. 1985b;
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Fig.1 Examples of shape perception from shading. Each display
contains one odd item (target, TGT) with the apparent luminance

Yonas et a. 1979). For example, Granrud et al. (1985b)
investigated the development of sensitivity to shading in
5- and 7-month-old human infants. Infants reach preferen-
tially for areal convexity (Granrud et al. 1984). Using this
reaching response as a dependent variable, they found that
7-month-olds preferentially reached for the apparent con-
vexity specified by shading, while 5-month-olds showed
no reaching preferences. They concluded that at least very
early in life the human visual system constrains the inter-
pretation of shading.

The second approach studies animals raised in an arti-
ficia environment. The first such study by Hess (1950,
1961) used chicks raised from birth in an environment
where the light always came from below. He observed
pecking responses to a photograph of grains, some with
shadows above them on the background and some with
shadows below them. In the first week of life, experimen-
tal chicks and normally raised control chicks showed no
difference in pecking at the two types photographed
grains. During development, however, their responses be-
came different: experimental chicks preferred to peck
grains with shadows above them and control chicks pre-
ferred to peck grains with shadows below them. This find-
ing suggested that the assumed light source position might
be learned through experience. However, Hershberger
(1970) tried to replicate Hess's study using a discrimina
tion task with photographs of shaded objects and the ac-
tual objects. Two groups of chickens, each raised in dif-
ferent light conditions, both showed positive transfer from
actual to apparent convexity irrespective of their preced-
ing experiences. Hershberger concluded that the assump-
tion that the light comes from above is innate.

The third possible way to investigate whether the as-
sumption that light comes from above is innate is to com-
pare species adapted to different environments. If the po-
sition of the light source is defined by retinal coordinates
but not gravitational ones, as Ramachandran (1988a, b;
Kleffner and Ramachandran 1992) noted, animals moving
freely in space (such as dolphins, birds, and arboreal pri-
mates) would show no, or at least reduced differences, in
using shading at different angles as depth cues. Unfor-
tunately, we have very few data from nonhuman animals on

polarity of the shading opposite to that of the other stimuli (dis-
tractors, DSTs)

the perception of shape from shading (Hershberger 1970;
Hess 1950, 1961). SKanazawa and K. Fujita (persona
communication) conducted a study of texture segregation
by Japanese macagues that had adapted to aterrestrial en-
vironment and found results similar to those of humans.

As well as studying the innateness of constraints on
processing of shading, some researchers have investigated
how shading information is processed in our visua sys-
tem. For example, Kleffner and Ramachandran (1992;
Ramachandran 1988a, b) and Aks and Enns (1992) inves-
tigated human perception of shape from shading using vi-
sual search and texture segregation procedures. Kleffner
and Ramachandran (1992) concluded that shape informa:
tion is extracted from shading preattentively. Aks and
Enns (1992) further suggested that shading type (linear
and gradual or black-white stepwise shading), shape of
the shaded object (circle or square), and background lu-
minance (bright, gray or dark) affect the perception of
shape from shading.

In the present experiments chimpanzees were trained
in visual search tasks using the shading patterns shown in
Fig. 1. The main aim was to compare the processing of
shading by humans and chimpanzees, which had adapted
to rather different environments from each other. Previous
studiesin our laboratory found differences between chim-
panzees and humans in visual spatial perception, such as
in mental rotation (Fujita and Matsuzawa 1989) and face
perception (Tomonaga et al. 1993; but see M. Tomonaga,
unpublished work). Matsuzawa (1991) and Tomonaga et
al. (1993) suggested that this difference might result from
adaptation to different environments. chimpanzees have
adapted to a more three-dimensional environment (tropi-
cal forest) than humans.The perception of shape from
shading provides a way to test this hypothesis of ecologi-
cal constraints on spatial perception. To check the validity
of the experimental setting, human subjects were given
the same tasks under the same experimental situation as
chimpanzees. Furthermore, one chimpanzee was tested in
the texture segregation task (M. Tomonaga, unpublished
work) in order to replicate systematically the results ob-
served in the visual search tasks.



Experiment 1A: visual search for shading directions
in chimpanzees and humans

Methods
Subjects

Two adult chimpanzees (Pan troglodytes), Akira (male,
17 years old) and Chloe (female, 14 years old), were the
subjects of the experiments. They were experienced in
various perceptual-cognitive tasks (Asano et a. 1982;
Fujita and Matsuzawa 1989; Tomonaga and Matsuzawa
1992; Tomonaga et al. 1993), especially visual search tasks
(Tomonaga 1993 a, b, ¢, 19953, b, 1997). They livein an
outdoor enclosure (624 m?) with other chimpanzees. They
had no unusual treatment throughout the experimental pe-
riod. Care and use of the chimpanzees complied with the
“Guide for the care and use of |aboratory primates’ of the
Primate Research Institute, Kyoto University. Five human
adults (3 male and 2 females, 23-30 years old) also par-
ticipated in the experiments.

Apparatus

The experiments were conducted in an experimental com-
partment (2.7 x 2.1 x 1.5 m) adjacent to the outdoor en-
closure. A 14-in (35-cm) color cathode-ray tube (CRT)
monitor (NEC Model N5923) with an optical touch panel
(Carol Touch International Model UL-94V-0) was in-
stalled on one wall about 40 cm above the floor. A touch
on the screen of the CRT was defined as a response. Two
steel pipes (30 cm x 1.2 cm) protected the CRT monitor
and divided the screen into three rows. The chimpanzee
sat about 40 cm from the CRT. A universal feeder (Davis
Scientific Instruments Model UF-100) delivered a food
reward to the food tray installed to the lower left of the
CRT. A persona computer (NEC Model PC-98XA) con-
trolled all experimental events and recorded data.

Simuli

Figure 1 shows examples of search displays. Note that
these are not actual arrangements. All stimuli were gener-
ated with 16-color gray-scale computer graphics using
NEC NB88-BASIC [4056-color mode, from & HO00O0
(black) to & HFFF (white)]. Each circle was 1.8 cm in
diameter shaded with 12 gray scale stripes 0.2 cm wide
from & H444 (dark) to & HFFF (bright). Background
was neutral gray (& H888). Three shape directions were
prepared: vertical (0°), diagona (45°), and horizontd
(90°). Each direction had two symmetrical patterns (e.g.,
circle bright at the top and dark at the bottom, and vice
versa).
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Procedure

The visual search task was the same as in previous exper-
iments (Tomonaga 1993b, 19953, b). After the 3-s inter-
trial interval, awarning signal (white cross, 0.5 cm x 0.5
cm) appeared at the bottom center of the CRT monitor. A
single touch terminated it and resulted in the presentation
of the search display. Each stimulus appeared in the two
upper rows, each of which had six predefined areas for
stimulus presentations. The search display contained 1
target and O (target only), 5, or 11 distractors. Display size
(i.e., the number of stimuli in the search display) varied
randomly from tria to trial. Display size 1 (i.e, target
only) was used to collect baseline chronometric informa-
tion reflecting the processes of stimulus detection, move-
ment preparation, and movement execution. This condi-
tion only requires detection, unlike the other display sizes
which require discrimination processes. Three targets
were also changed from trial to trial; top-bright (for verti-
cal shading), upper right-bright (for diagona shading),
and right-bright (for horizontal shading). The luminance
polarity of distractors was reversed in comparison to the
target. Subjects were required to detect and touch the tar-
get. For chimpanzees a correct response produced a 1-s
chime and food reinforcer, whereas an incorrect response
produced a 0.5-s error buzzer. For humans a correct re-
sponse only produced a 1-s chime.

A modified correction procedure was used in these ex-
periments. If the subject made an error, the target alone
was presented, as a correction trial. Each session con-
sisted of 120 trials (8 target-only trials and 16 trials for
display sizes 6 and 12 for each target). Training was con-
tinued for nine sessions for Akira and eight sessions for
Chloe. The last six sessions were used for data analysis.
Each human subject received a single 240-trial session
(16 target-only trials and 32 trials for display sizes 6 and
12 for each target).

Results and discussion

Akiramade 47.9% correct choicesin the first session and
reached 87.5% correct in the third session. Chloe made
65.5% correct in the first session and 93.8% correct in the
second session. Mean percentage errors for chimpanzees
and humans are shown in Table 1 and mean response
times on correct trialsin Fig. 2 (response times for display
size 1 are not shown). Mean response times for display
size 1 were 0.593 s for chimpanzees and 0.584 s for hu-
mans. Human subjects searched faster and more accurately
when vertical shading was presented than when horizontal
shading was presented, and their performance was as
good for diagonal shading as for vertical shading. Both
chimpanzeesperformed better for horizontal shading than
for vertical shading, the reverse of the human pattern.
No human subjects showed this pattern. A three-way
ANOVA (Species x shading direction x display size) ap-
plied to the response time data showed a significant main
effect of display size [F(1,5) = 8.02, P < 0.05] and a sig-
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Table 1 The mean percentage of errors in experiments 1A, 2,
and 3

Experi- Shading Shapeof Shading Chimpan-  Humans®
ment type contour  direction zees?

6 12 6 12

1A Linear Circle Vertical 141 83 0.6 0.6

Diagonal 36 23 35 07

Horizontaa 39 10 3.0 21

2 Linear Circle Vertica 83 26 25 06

Horizontal 42 10 35 37

Linear Square Vertical 115 57 15 0

Horizontal 99 78 15 19

3 Linear Circle Vertica 178 10 22 07

Horizontal 67 1.0 28 28

Step Circle Vertica 146 63 O 0

Horizonta 106 31 29 44

an = 2 (except for experiment 2, n = 1)

bn=5
Vertical Diagonal Horizontal
® ®) O
TGT
DST & ?
Humans(N=5) Chimpanzees(N=2)
17 17
16 [ 16 |
w st 15 |
g 14r 14
= 13 13
E 2 e—0 2 foe—""
c 11 11
§ o fe—* 10 /O
© 09 09
© oosf 08 [
07 07 -
6 12 6 12
Display Size

Fig.2 Mean response times as a function of display size for hu-
mans and chimpanzees in experiment 1A. The data from display
size 1 are not shown in this figure

nificant interaction between species and shading direction
[F(2,10) = 10.19, P < 0.01].

The percentage of errors was negatively correlated
with the display size in any conditions for both species,
especially for chimpanzees, as shown in the upper part of
Table 1. This has frequently been observed in animals
searching a display containing a pop-out target (Blough
1989; Tomonaga 1993b, 1995a). A similar decrease in

percentage of errors in visual search for vertical shading
patterns was also observed by Aks and Enns (1992) for
the target-present trials. This might be due to a grouping
effect (e.g., Humphreys et al. 1989), and suggests that
searching for shading direction does not require attenti-
ional processing. It is still unclear why chimpanzees
showed stronger grouping effects than humans. One rea-
son might be that the chimpanzees had long and extensive
experience of discrimination tasks, unlike the human sub-
jects.

Another interesting finding is the difference in the
slopes of the response time functions between humans
and chimpanzees. The slope of the response time function
was steeper for horizontal than vertical or diagonal shad-
ing in humans (for all subjects), while chimpanzees had
similar flat slopes for all shading directions. (The patterns
for both individual chimps were similar to the averaged
ones shown in Fig. 2.) Such patterns of results, with the
same slopes but different intercepts, are frequently ob-
served in animal visual search experiments (Deruelle and
Fagot, in press; Tomonaga 1993b).

It is not possible to explain the difference between hu-
mans and chimpanzees as due to the present experimental
setting, because human subjects showed similar patterns
to those found in previous studies (Aks and Enns 1992;
Kleffner and Ramachandran 1992). One possible explana-
tion is the effect of search asymmetry. Kleffner and Rama-
chandran (1992) reported that humans showed search
asymmetry for shading. Searching was faster and search
functions flatter when the target was “concave” (bottom-
bright shading) than when it was “convex”. In the present
experiment the shape with top-bright shading was the tar-
get. How much search asymmetry affects the subjects
performance is unclear. Chimpanzees did show search
asymmetries for various types of simple stimuli such as
geometric forms (Tomonaga 1993b) and line orientations
(M. Tomonaga, unpublished work). The effects of search
asymmetries on visual search for shading need to be
tested. This problem will be further investigated in the
texture segregation task in experiment 4.

Another possible factor is the viewing position.
Kleffner and Ramachandran (1992) found that the percep-
tion of shape from shading was based on retinal coordi-
nates, not on gravitationa ones. In the present experi-
ment, the chimpanzees never tilted their heads as much as
90°, so that the retinal coordinates for a given image
should not differ too much from the gravitational ones.
Furthermore, if the chimpanzees tilted their heads about
45°, both vertical and horizontal (with respect to gravity)
shading patterns would be equivalent to diagonal shading
with respect to the retina. There would then have been no
difference in response times among conditions. The dif-
ferent patterns of response times in humans and chim-
panzees cannot therefore be explained by head rotation by
the chimpanzees.

In addition to head rotation, however, head shift paral-
lel to the surface of the monitor could affect the percep-
tion of shape from shading. All human subjects sat in
front of the CRT monitor, while the chimpanzee subjects



sometimes viewed the CRT monitor from the left or right
side because they could move freely in the experimental
compartment. For a shaded circle viewed from left or
right rather than straight on, horizontal shading would
produce a more strongly modulated retinal image than
vertical shading, asillustrated in Fig. 3. To test this possi-
bility, I conducted an additional experiment with humans
as subjects. If humans show similar patterns of results to
chimpanzees when the angle of view is changed, the
viewing position could explain the difference in results.

Experiment 1B: effect of viewing position
on visual search for shading directions in humans

Methods

Two human adults, who were also subjects in experiment
1A, participated in this experiment. Experimental proce-
dure was the same as in experiment 1B except for the
viewing position of the subject, who sat to the left of the
CRT monitor. The distance from the center of the screen
to the subject was 50 cm, so the angle between the surface
and head was about 37° (Fig. 3). Each subject had asingle
session of 240 trials.

Results and discussion

Both subjects had more than 95% correct responses.
Figure 3 depicts the response times on correct trials for
experiments 1A and 1B averaged across subjects. Mean
response times on display size 1 were 0.563 s for experi-
ment 1A and 0.643 s for 1B. Response time functions
were amost the same in both experiments. A three-way
ANOVA (viewing condition x shading direction x display
size) applied to response time data showed significant
main effects of shading direction [F(2,4) = 84.64, P <
0.001] and display size [F(1,2) = 376.97, P < 0.01]. It is
evident that a shift in viewing position parallel to the dis-
play did not affect the perception of shape from shading in
humans, unlike head rotation. These results suggest that
difference in viewing position is not sufficient to explain
the difference between chimpanzees and humans ob-
served in experiment 1A. Cutting (1987) also reported
that human perception preserves shape constancy of im-
ages projected onto a screen or television monitor irre-
spective of viewing direction. Although this needs further
investigation, chimpanzees may have the same mecha-
nism as humans.

The difference between humans and chimpanzees ob-
served in experiment 1A was qualitatively similar to that
found in other studies on visual spatial perception (Fujita
and Matsuzawa 1989; Tomonaga et al. 1993). The same
bias established as a result of adaptation to the species-
specific environment might affect mental rotation, face
perception (but see M. Tomonaga, unpublished work),
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Fig.3 Effects of the viewing position on visual search for shading
directions in humans. The viewing position and the response time
in experiments 1A and 1B are shown. The data for experiment 1A
come from the same two subjects as in experiment 1B

and perception of shape from shading. Chimpanzees show
residual anatomical adaptations for brachiation, alocomo-
tion pattern adapted to forest conditions. They use the ar-
boreal environment for their locomotion as much as the
terrestrial one. The use of the arboreal environment might
affect their reference coordinates for perception. On the
other hand, humans, adapted to open land such as the sa-
vanna, might be likely to rely on gravitational coordinates
much more than chimpanzees.

The next two experiments investigate the effects on vi-
sual perception of shading direction of two other factors,
shape of contour and type of shading, both of which are
known to have an effect (Aks and Enns 1992; Kleffner
and Ramachandran 1992).
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Experiment 2: effects of shape of contour
on visual perception of shading directions

Methods

There was only one chimpanzee subject, Akira. Human
subjects were the same asin experiment 1A. In addition to
gradually shaded circles, shaded rectangles (1.8 cm x 1.8
cm) were used. Shading directions were vertical and hori-
zontal. Akira received nine 128-trial sessions in which
four types of targets appeared, with the display size 6 or
12. The last six sessions were used for data analysis. For
humans, eight target-only trials were added for each tar-
get. Human subjects received a single 288-trial session.
In the present experiment, | tested only one chimpanzee
in asingle-subject factorial design. The data obtained can-
not be analyzed by standard ANOVA. All statistical
analyses, of both human and chimpanzee data to maintain
consistency, used randomization test techniques (Edging-
ton 1987; Manly 1991; May et al. 1989). The null hypoth-
esisisthat “the measurement (or set of measurements) as-
sociated with each experimental unit isindependent of the
assignment of units to treatments’ (Edgington 1987, p.39).
The upgraded version of NPSTAT (May et al. 1989), and
NPFACT for factorial designs, were used. NPFACT cal-
culates F values for each permutated data set and cal culates
a probability for the given data Permutation was ran-
domly repeated 10,000 times to calculate P values. The
results of statistical analyses are presented giving F values

from standard factorial ANOVA on the data and P values
calculated from random permutations (Edgington 1987).

Results

Mean percentage errors are shown in Table 1 and re-
sponse times in Fig. 4. Akira showed the same pattern of
results for the shaded circle as in experiment 1A.
However, when a shaded square was presented,there was
a decrease in response time as a function of display size,
and responses did not differ for different shading direc-
tions. Response time data for Akira were analyzed by
three-way ANOVA (contour x shading direction x display
size) plus random permutation, using sessions as repeated
measures. The main effect of shading direction was sig-
nificant [F(1,5) = 36.29, P = 0.0023]. Furthermore, inter-
actions between contour and shading direction [F(1,5) =
11.39, P = 0.0184] and display size [F(1,5) = 21.87, P =
0.0056] were aso significant. For humans, when the shad-
ed square was presented, the interaction between shading
direction and display size was greater than for the circle.
Threeeway ANOVA plus random permutation showed
that the main effects of shading direction [F(1,4) = 25.36,
P = 0.0076], display size [F(1,4) = 17.36, P = 0.0123],
and their interaction [F(1,4) = 22.89, P = 0.0099], were
significant. Furthermore, as shown in Fig. 4, the interac-
tion between contour and shading direction [F(1,4) =
8.99, P = 0.0399] and the triple interaction [F(1,4) = 7.98,
P = 0.0442] were aso significant.



Fig.5 Mean response times
for humans and chimpanzees
in experiment 3
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Experiment 3: effects of type of shading
on visual search for shading directions

Methods

The subjects in experiment 3 were both chimpanzees and
the same human subjects as in experiment. Circles with
two directions (vertical and horizontal) and two types
(gradual and stepwise) of shading were employed (Fig. 5).
Circles with stepwise shading had only two luminance
values, black and white.

Each chimpanzee received eight 128-trial sessions.
Four types of target (2 shading directions x 2 shading
types) appeared at random. The target was bright at the
top (vertical shading) or at the right (horizontal shading).
Display size varied between 6 and 12. The last six ses-
sions were used for data analysis. Each human subject re-
ceived asingle 288-trial session. For humans, eight target-
only trials were added for each target.

Results

The mean percentage of errors for each species is shown
in Table 1 and mean response times on correct trials in
Fig. 5. The difference in the chimpanzees responses to
different shading directions for gradually shaded targets
was lower than in the previous experiments, athough the
response times were longer for horizontal shading than

t 0.7
12 6 12 6 12 6 12

Display Size Display Size

vertical. Closer inspection of the data showed that one
chimpanzee showed no difference in response times be-
tween horizontal and vertical shading, while the other did
show this difference. This discrepancy may have been due
to atraining or perceptual learning effect (Sireteanu and
Rettenbach 1995). A more important finding is that, the
difference in response time between shading directions
disappeared for both chimpanzees for targets with step-
wise shading. In humans, unlike chimpanzees, no differ-
ence in response times to different shading types was
found: the difference in response times between shading
directions remained the same for both shading types.
Separate parametric three-way ANOVAS (shading type x
shading direction x display size) were applied to response
time data for each species. For chimpanzees, none of the
main effects or interactions were significant. For humans,
on the other hand, the main effects of shading direction
[F(1,4) = 18.58, P < 0.05], display size[F(1,4) = 12.75, P
< 0.05], and their interaction [F(1,4) = 20.92, P < 0.05]
were significant.

Discussion

In experiments 2 and 3, when the shaded shape or shading
type were changed from a circle or gradual shading, re-
spectively, the difference in performance between shading
directions disappeared in chimpanzees. The results for hu-
mans are also inconsistent with those in the study of Aks
and Enns (1992). They found clear effects of shading type
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Fig.6 Examples of texture Gray Background Dark Background
displays used in experiment 4.
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and shape (steeper response time functions for stepwise
shading and square contour), whereas | found steeper re-
sponse time functions only for squares with gradual hori-
zontal shading, but no other effect of shading types. My
results are more similar to those of Kleffner and Rama-
chandran (1992) in which they also found flat response
time functions for vertical step shading. Various factors
may contribute to the inconsistency of results among re-
searchers, such as shading method (dot density gradients
or gray-scale gradients), and procedures (differencein re-
sponse types and experimental designs). In the present ex-
periments, | tested subjects in a mixed design, while Aks
and Enns (1992) used a blocked design. A blocked design
might encourage subjects to use a constant search strategy
during asession, in contrast to a mixed design in which all
conditions appear randomly from trial to trial.

To sum up, comparison of the results from chim-
panzees and humans suggests that there may be an under-
lying qualitative differences in processing of shading be-
tween the two species, although exactly what this might
be is unclear from the experiments described so far.

Experiment 4: texture segregation with shading
by the chimpanzee

Kleffner and Ramachandran (1992) also examined the
perception of shape from shading using a texture segrega-
tion procedure. They found similar results to those from
visual search tasks. In experiment 4, | explored the chim-
panzee's ability to segregate textures composed of circles
with shading for comparison with the results of the visua
search experiments. Additionally | tested one other factor
that might affect the perception of shape from shading,
background luminance (Aks and Enns 1992; Kleffner and
Ramachandran 1992). One chimpanzee, was initialy
trained on texture displays with neutral gray backgrounds
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(condition 1) and then shifted to sessions in which either
gray or dark background appeared randomly (condition 2).

Methods
Subject and apparatus

The subject was one of the chimpanzees, Akira, who had
been trained on atexture segregation task immediately be-
fore the experiments (M. Tomonaga, unpublished work).
The same apparatus was used as in experiments 1-3.

Simuli

Shading with a dot-density gradient instead of a gray-
scale gradient was used (Aks and Enns 1992). Each circle
was 1.0 cm in diameter and had a white-line border. The
density of white pixels changed gradually from 100%
(bright side) to 0% (dark side). The texture display con-
sisted of 16 x 8 circles and the target area of 3 x 3 ele-
ments. Figure 6 illustrates some examples of the eight
types of texture displays with two different background
[uminances used.

Procedure

The texture segregation task was identical to that used in
the previous experiments (M. Tomonaga, unpublished
work). Each trial proceeded as follows. After the 3-sin-
tertrial interval, a white cross (warning signal, 0.5 cm x
0.5 cm) was presented at the center of the bottom row. A
single touch on the warning signal resulted in its termina-
tion, followed by the presentation of the texture display. If
the subject touched a target area, the texture display dis-
appeared, and a 1-s chime and food reinforcer was given
to the subject. If the subject touched the background area,



the texture display disappeared, but only the 0.5-s error
buzzer was was heard. If the subject made an error, the
same trial (correction trial) was repeated. After two suc-
cessive errors, however, only the target area was pre-
sented (i.e., the background texture was blank but only
colored in gray or black) on the third correction trial.

Akira was tested in two conditions successively. In
condition 1, four types of target areas (top-bright, bottom-
bright, left-bright, and right-bright) with four different
background textures (bottom-bright, top-bright, right-
bright, and left-bright, respectively) were displayed with
gray background luminance. Four sessions of blocked-
trial training in which the same target repeatedly appeared
in atrial block were followed by six sessions of mixed-
target training in which four targets appeared randomly
from trial to trial. After completing condition 1, Akirawas
immediately shifted to condition 2, in which gray and
dark background luminance levels were used. Akira was
tested in eight mixed-target sessions. Each session con-
sisted of 64 trials for all conditions. For each condition,
mixed-target sessions were used for data analyses. Asin
experiment 2, experiment 4 involved single-subject de-
signs, and permutation-based factorial ANOVAs were
used to analyze the results, as well as correlated t-tests
with systematic permutations (Edgington 1987).

Results and discussion

Akira made 50% correct responses in the first session and
76.6% on average in the next three blocked-trial sessions.
Figure 7 shows the mean percentage of errors and re-
sponse times for mixed-target sessions for each condition.
For condition 1, Akira had difficulty in texture segrega-
tion with vertical shading, as in the visual search experi-
ments, in spite of the differences in the task and shading
method. Correlated t-tests based on systematic permuta-
tions showed a significant difference between vertical and
horizontal shading [percentage error, t(5) = 5.653, P =
0.0313; response time, t(5) = 6.638, P = 0.0313]. When
the target and background area were reversed, there was a
significant difference in percentage of errors for vertica
shading [t(5) = 2.928, P = 0.0313], but not for horizontal
shading [t(5) = 1.686, P = 0.25], and a significant differ-
ence in response times for horizontal shading [t(5) =
5.515, P = 0.0313] but not for vertical shading [t(5) =
1.385, P = 0.0938]. For condition 2, when the background
luminance was darkened, texture segregation was much
worse, especially for vertical shading textures. Two-way
ANOVAswith random permutation [background x shading
direction (average across two targets for each condition)],
with sessions as repeated measures, were used to analyze
percentage error and response time data. For percentage
error, both the main effects [background, F(1,7) = 9.56, P
= 0.019; shading direction, F(1,7) = 420.5, P = 0.0001]
and their interaction [F(1,7) = 39.43, P = 0.0005] were
significant. For response time also, both main effects and
their interaction were significant [background, F(1,7) =
23.16, P = 0.0023; shading direction, F(1,7) = 82.78, P =
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Fig.7 Results of experiment 4, for condition 1 (gray background,
left) and condition 2 (gray or dark background, right). The mean
percentage of errors (above) and the mean response times (below)
are shown (T top bright, B bottom bright, L left bright, R right bright)

0.0001; interaction, F(1,7) = 23.23, P = 0.0014]. Separate
correlated t-tests based on systematic permutations were
used to analyze the effect of the targets. Only the differ-
ence in response time between horizontal-shading targets
with dark backgrounds was significant [t(7) = 7.599, P =
0.0078], in spite of the apparently large differences shown
in Fig. 7, because of the high variance among sessions.

Akira showed the same pattern of results as found in
the visual search experiments of Kleffner and Ramachan-
dran (1992), although the difficulty of the tasks for the
chimpanzee was the opposite of that found in humans.
Furthermore, the results were consistent with those of
Kleffner and Ramachandran (1992) and Aks and Enns
(1992), who reported that visual search performance was
better for the neutral background than for the dark back-
ground. For Akira, this effect was much stronger for ver-
tical than horizontal shading.

As discussed in experiment 1, Kleffner and Ramachan-
dran (1992) also reported search asymmetry. In their vi-
sual search experiments, humans detected the concave
target faster than convex one. In the present experiment,
Akira showed asymmetries in both accuracy and speed.
However, the patterns of asymmetry were quite inconsis-
tent, possibly because of effects of transfer from previous
visual search experiments. Human infants preferentially
reach for an actual or apparent convex target rather than a
concave one (Granrud et al. 1985a), which is also incon-
sistent with the results of Kleffner and Rramachandran
(1992). Asymmetry in the perception of shape from shad-
ing needs further investigation.

To sum up, the experiment on texture segregation
clearly demonstrated that the different patterns of percep-
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tion of shading direction in chimpanzees and humans
found in visual search experiments are replicated in this
context. Further, the perception of shape from shading was
influenced by the background luminance in the chimpanzee
aswell asin humans. Chimpanzees and humans have both
similarities and differences in the perception of shape
from shading. Background luminance might not be critical
in perceptual adaptations to the different environments.

General discussion

In the present series of experiments, two chimpanzees
were trained in visual search and texture segregation tasks
using shaded patterns. Surprisingly, both chimpanzees
showed different patterns of performance from humans
participating in the experiments under identical condi-
tions. For humans, search was quite fast irrespective of
the display size when the shading was vertical, but slower
as the display size increased when the shading was hori-
zontal. For chimpanzees, however, search rate was almost
the same irrespective of shading directions, and slower for
vertical than horizontal shading. The same patterns of re-
sults were obtained by the chimpanzee in a texture segre-
gation task. Experiment 1B indicated that these results
could not be explained by head rotation or shift of view-
point parallel to the surface of the monitor. Further tests
showed that when the shaded shape not round but square,
or the shading type was not gradual but stepwise, the dif-
ference in performance between shading directions disap-
peared in chimpanzees. These results can beinterpreted in
several ways. These experiments have shown a change in
sensitivity to shading directions under some conditions.
From our previous studies (Fujita and Matsuzawa 1989;
Tomonaga et a. 1993, but see M. Tomonaga, unpublished
work), this difference between the species is closaly re-
lated to their processing of spatial information. The re-
sults from experiments on the perception of shape from
shading imply that there are important underlying differ-
ences between the two species. Tomonaga et al. (1993)
and Matsuzawa (1991) proposed that residual adaptations
to the three-dimensionally rich arboreal environments had
resulted in the difference in sensitivity to orientation. To
address this hypothesis we need further experimental in-
vestigations (M. Tomonaga, unpublished work) using
more elaborate tasks and comparing different species. As
noted in the Introduction, K. Fujitaand S. Kanazawa (per-
sonal communication) found that Japanese macaques
(Macaca fuscata) showed similar response patterns to hu-
mans in texture segregation tasks. Japanese macaques are
considered to be terrestrial primates. It is plausible that
the environments to which the animals have adapted
might affect the perception of shape from shading.
Kleffner and Ramachandran (1992) suggest that the
extraction of three-dimensional shape from shading is
processed preattentively. The results for humans tested in
these experiments are consistent with this view. In con-
trast, chimpanzees showed “paralel” search for al shad-

ing direction conditions. The difference among directions
could only be detected in the mean response time aver-
aged across display sizes. One possible interpretation is
that the chimpanzees' response time functions were mod-
ified by the speed-accuracy trade-off. In fact, the mean
percentage of errors for chimpanzees was apparently neg-
atively correlated with display size (see Table 1). Asnoted
in the discussion of experiment 1A, however, this pattern
was frequently observed in our chimpanzees, and was in-
terpreted as the sign of a pop-out or grouping effect
(Tomonaga 1995; also see Blough 1989).

Another possibility is that the chimpanzees did not use
depth cues derived from shading. In our experimental set-
ting, neither chimpanzees nor humans need to extract ap-
parent depth to detect an odd target or target area among
distractors. If it costs more to extract the depth cues from
shading information than to use other cues, the chim-
panzees strategy would rapidly shift to easier cues. This
speculation would be supported by the results of experi-
ments 2 and 3 in which the chimpanzees showed quite dif-
ferent patterns of results from humans when additional
factors were manipulated. Even if it is true, however, it is
gtill unclear what the easier cues for chimpanzees might
be. It is also unlikely that use of alternative cues can ex-
plain why the chimpanzees showed the opposite pattern to
humans. Furthermore, in the same experimental setting,
why did humans use shading information while chim-
panzees did not? The chimpanzee visua system might not
rely as much on shading information as that of humans.
Where could this difference come from? | prefer to inter-
pret this by a hypothesis of ecological constraints on spa-
tial cognition.

A different experimental design is needed to evaluate
whether the chimpanzees actually use shading informa-
tion to extract three-dimensional shape. One candidate is
the discrimination and transfer task employed by Hersh-
berger (1970). He first trained chickens to discriminate ac-
tual (three-dimensional) convex from concave objects with
ambiguous lighting (discrimination based on binocular
depth cues), and then tested the transfer of discrimination
to photographs of convex and concave objects with shad-
ing produced by a single light source coming from “above’.

In addition, developmental studies of chimpanzees
could also yield important information on the develop-
ment of the perception of shape from shading. Shading
cues are one of the cues of pictoria depth. The develop-
ment of the perception of pictorial depth has been exten-
sively explored in human infants using cues such as the
trapezoidal window illusion (Yonas et a. 1978), familiar
size (Granrud et al. 1985a), relative size (Yonas et al.
1985), and also shading (Granrud et al. 1985b). They all
reported that 7-month-old infants respond to pictorial cues
of depth but 5-month-old infants do not. Granrud et al.
(1985b) suggest that infants might become sensitive to all
pictorial depth cues simultaneously. For nonhuman pri-
mates, on the other hand, we have very little data on the
development of the perception of pictorial depth, although
there is much more literature about binocular depth cues
such as the visual cliff (e.g., Walk and Gibson 1961).



Gunderson et a. (1993) reported that 3- or 4-week-old in-
fants of pigtailed macagues (Macaca nemestrina) showed
sensitivity to pictorial depth cues of linear perspective and
relative size. Hayashibe et al. (1983) reported that 3- or 4-
month-old Japanese macaque infants responded to pictor-
ial depth cues of texture gradient using the same proce-
dure as for the visual pitfal test. Unfortunately, we have
no information about responses to shading cues or devel-
opmental relations among various types of pictorial depth
cues. Developmental studies on the perception of pictorial
depth in chimpanzees are also lacking. The development
of perception of shape from shading, as well as other pic-
torial depth cues, should be investigated in a range of
species adapted to different spatial and visua environ-
ments in order to clarify the developmental course of
emergence of species differences.
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