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24 KLEFFNER AND RAMACHANDRAN
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Figure 7. Results obtained from the visual search task, in which 5 experienced subjects participated. For vertical shading (A), the reac-
tion time is unaffected by the number of distractors in the display. For horizontal shading (B), however, subjects’ reaction times increased
monotonically with the number of items in the display. When the stimulus was a step change in luminance (C), reaction time generally
increased with the number of items in the display, but there was considerable variability between subjects.

able. The main effect for target type was significant at
the .01 level [F(2,16) = 8.129, p < .0038], indicating
that subjects’ performance was significantly different in
the three experimental conditions. (The second factor in
the ANOVA, whether the target was present or absent
in each trial, was included in the analysis to account for
variance. This factor, and the interaction between the fac-
tors, was not significant here or in the following three
comparisons.) ANOVAs were also used to make a direct
comparison between pairs of experimental conditions. In
a comparison of top/bottom shading with left/right shad-
ing, the main effect for target type was significant at the

.05 level [F(1,8) = 10.886, p < .011]. Top/bottom shad-
ing against a step change in luminance also produced a
significant main effect for target type at the .05 level
[F(1,8) = 9.058, p < .0168]. The difference between
left/right shading and a step change in luminance, on the
other hand, was not significant.

Discussion

These results suggest that the extraction of shape from
shading can provide a basis for effortless or ‘‘preatten-
tive’’ visual search, since reaction times do not increase
with the number of distractors. The fact that such pop-
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26 KLEFFNER AND RAMACHANDRAN
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Figure 9. Visual search asymmetries in the extraction of shape from shading. Six naive subjects participated (see text). The reac-
tion time for detecting a “cavity” was unaffected by the number of items in the display. On the other hand, for detecting an “egg,”
reaction time increased with the number of items in the display and the same was true for detecting left/right shading. These results
demonstrate a striking asymmetry in the subjects’ ability to detect cavities as opposed to eggs. This effect is seen only in naive sub-
jects. In subjects who have had considerable previous experience with such tasks (as have the authors), the asymmetries do not

exist (Kleffner & Ramachandran, 1989).

ANOVA to account for variance. The interpretation of
this factor across experimental conditions is ambiguous,
but it is included here for completeness. In the first
ANOVA, this factor was significant at the .05 level
[F(1,30) = 12.649, p < .0013], while the interaction be-
tween the two factors was not significant. In order to com-
pare the experimental conditions directly, ANOVAs were
performed on the data from pairs of experimental condi-
tions. The ANOVA comparing top/bottom shading with
bottom/top shading showed that these experimental con-

ditions were significantly different at the .0001 level
[F(1,20) = 48.325, p < .0001]. The target present/
absent factor was significant at the .01 level [F(1,20) =
8.368, p < .009]; the interaction was not significant. The
ANOVA comparing bottom/top shading and left/right
shading was again significant at the .0001 level [F(1,20)
= 22.295, p < .0001]. (Both the target present/absent
factor and the interaction were not significant.) In the
ANOVA comparing top/bottom shading with left/right
shading, the main effect for target type was not signifi-
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cant. The target present/absent factor was significant at
the .01 level [F(1,20) = 12.173, p < .0023], and the
interaction was not significant.

Discussion

These results imply that naive subjects find cavities eas-
ier to detect than eggs. This seems surprising and counter-
intuitive, given the more widespread prevalence of ‘‘con-
vexity’’ in nature (Deutsch & Ramachandran, 1990;
Hoffman, 1983), but since virtually nothing is known
about the neural detectors that encode shape from shad-
ing, we should perhaps be prepared for such surprises.

Treisman and Gormican (1988) argued that search
asymmetries arise because the presence of a feature is eas-
ier to detect than its absence. For example, a purple ob-
ject is easy to detect against a background of red objects,
because the purple has an ‘‘extra’’ feature—blue—in it
and therefore deviates from the ‘‘standard’’ (i.e., red);
but a red object cannot be detected as easily against an
array of purple objects, since its detection requires the
visual system to sense the absence of blue. If we accept
this logic, we should have to argue that convex objects
are the ‘‘standard’’ expected units for the visual system
and that cavities are encoded as the same object, but with
an extra feature (depth reversal?). This would explain why
cavities are easier to detect than eggs.

EXPERIMENT 3
Segregation With Shading

The segregation of figure from ground is another cri-
terion that is sometimes used to decide whether a given
visual feature is ‘‘elementary’’ or not (Beck, 1966; Julesz,
1971; Treisman, 1985). It is often assumed that the two
criteria pop-out and segregation will necessarily yield the
same results, but this is not always true. In certain in-
stances, for example, a target may pop out in a search
task, yet when several such targets are present, they can-
not be grouped and segregated from the background
(Plummer & Ramachandran, 1991). We therefore devised
a method that would allow us to directly probe the visual
system’s ability to achieve perceptual grouping by extract-
ing 3-D shape from shading.

Figure 10A depicts one of the stimuli. Note that instead
of the stimulus’s being randomly arranged as in Fig-
ure 5A, the letter O is composed of eggs displayed against
a background of cavities. The subjects’ task was to sim-
ply report whether they saw a complete O or a broken
O on any given trial. The position of the ‘‘bite’’ taken
out of the O was also varied randomly from trial to trial
(Figures 10B-10C).

Pilot experiments suggested that naive subjects often
experience considerable initial difficulty with this task,
just as they do when trying to detect a complex cyclo-
pean shape in one of Julesz’s (1971) random-dot stereo-
grams. We therefore exposed each subject to a ‘‘prim-
ing’’ stimulus, which consisted of the letter X depicted
by larger scale shape-from-shading tokens (Figure 11),

PERCEPTION OF SHAPE FROM SHADING 27

before we actually began the forced-choice discrimina-
tion experiment.

Method

Subjects. Seven subjects participated. They were drawn from
the undergraduate subject poel at the University of California, San
Diego, and were naive with respect to the purpose of the experiment.

Display. These displays were also generated on a CRT driven
by an Amiga microcomputer. Each stimulus consisted of a circle
made up of target items surrounded by a field of distractor items
as in Figure 10A. The circle was made up of 12 target items, which
were arranged loosely in a circle with a radius subtending 4.1°,
against a background of 39 distractors. The targets and distractors,
the same pairs that were used in Experiment 1, are illustrated in
Figure 6. Each target or distractor item subtended .6°. On half of
the trials, a ‘‘broken’’ circle was constructed by replacing 3 con-
secutive targets in the circle with distractors. The position of the
break in the circle was selected randomly from the 12 possible po-
sitions. Before the test stimulus was presented, the subjects were
shown a preexposure stimulus, which consisted of an X pattern
(shown in Figure 11) composed of targets and distractors that were
1.0° across. The targets and distractors, constructed from 16 lu-
minance levels from .057 to 136.1 cd/m?, were presented on a back-
ground of 14.6 cd/m?.

Procedure. The subjects were seated .75 m from the screen in
a dark room. Each trial began with the presentation of the preexpo-
sure stimulus for 4.0 sec, followed by a dark screen for .1 sec. The
test stimulus was then presented for 1.1 sec, after which time the
screen went dark. The subjects’ task was to determine whether the
circle was complete or broken. The subjects were allowed to re-
spond at any time during or after the stimulus presentation, using
two keys on the keyboard. The subjects’ responses and reaction
times were recorded. The subjects were given two training blocks
of 80 randomly mixed trials, followed by the experimental block
(80 trials, randomly mixed).

Results

The percent correct performance from the experiment
is shown in Figure 12. A one-way ANOVA with repeated
measures was performed; all experimental conditions
were included, with percent correct as the dependent vari-
able. The main effect for type of shading was significant
at the .05 level [F(2,12) = 5.69, p < .018]. Thus, the
degree of segregation obtained varied significantly with
the type of shading in the targets and distractors. A sepa-
rate ANOVA with only two experimental conditions—
top shading and side shading—also produced a significant
main effect for type of shading at the .05 level [F(1,6)
= 10.179, p < .019]. A similar comparison of top shad-
ing with a step change in luminance was again significant
at the .05 level [F(1,6) = 9.66, p < .021]. The differ-
ence between side shading and a step change in luminance
was not significant.

Interestingly, the subjects’ reaction times also varied with
the type of shading, even though the experimental displays
were on for a brief, fixed period of time. The subjects’
responses (see Figure 13) were fastest when they were also
the most accurate. These differences in reaction time were
significantly different at the .01 level [F(2,12) = 7.059,
p < .009]. A separate comparison of the reaction times
for top shading and side shading produced a significant
main effect at the .01 level [F(1,6) = 15.226, p < .008].
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34 KLEFFNER AND RAMACHANDRAN

in Figure 1 as convex, and why it takes some effort to
see them as concave.

Furthermore, we find that once these 3-D shapes have
been extracted, they can serve as a basis for pop-out and
for perceptual grouping. Since these effects are observed
only for top-bottom differences in shading, our results
imply that relatively complex *‘scene-based’’ image char-
acteristics such as direction of lighting can influence visual
search and figure-ground segregation (Ramachandran,
1988a, 1988b; see also Enns & Rensink, 1990).

The conclusion that more complex ‘‘whole image’’
characteristics can influence perceptual grouping also
receives support from another experiment that we re-
cently carried out to study motion perception (Plummer
& Ramachandran, 1991; Ramachandran & Rogers-
Ramachandran, 1991). We began with two sparse patterns
(A and B) that were optically superimposed on each other.
Each pattern was composed of randomly arranged small
circles. We then made one of the patterns (A) approach
the observer so that the circles moved radially outward
from the center, while, at the same time, the other was
made to shrink inward (i.e., to ‘‘recede’’ from the ob-
server). The sizes of the circles were randomized, and
we also presented the whole display through a window
so that the outer margins of A and B were invisible. We
found that the subjects had no difficulty in segregating
A from B so that what they saw was a pattern receding
through an approaching plane of circles. Notice that in
each plane (A or B), there were elements that were actu-
ally moving in opposite directions in the frontoparallel
plane—corresponding to either expansion or contraction—
yet the visual system had no difficulty in grouping these
together. We suggest, therefore, that although segrega-
tion is usually based on local feature differences, group-
ing can take advantage of more ‘‘global’’ rules that reflect
higher order invariances. As a control, we used a very
similar display in which all the individual circles of a pat-
tern were made to expand, but there was no global ex-
pansion of the pattern as a whole (i.e., the distances be-
tween the centers of the circles did not change). The
circles in Pattern B were made to shrink simultaneously.
No grouping or segregation was observed in this display.

Our third experiment showed that the overhead light
assumption is based on retinal rather than phenomenal or
world-centered coordinates. This finding also suggests that
the extraction of shape from shading is unlikely to be very
cognitive and that it is extracted fairly early in visual
processing—certainly earlier than vestibular and cogni-
tive correction for head tilt. This finding is surprising,
since it implies that, at least as far as the extraction of
shading is concerned, the visual system assumes that the
sun moves with the head! If the visual system is indeed
“‘intelligent’’ as some have argued, why does it incor-
porate such a primitive assumption? One possibility is that
even though we do tilt our heads occasionally, statisti-
cally speaking we do walk upright most of the time, and
s0, the visual system can get away with this primitive as-
sumption. The advantage, of course, is that extraction of

shape from shading can then proceed much more quickly
without the additional computational burden of having to
correct for head tilt—a process that might be very time
consuming. This line of reasoning accords well with our
view (Ramachandran, 1985, 1990) that perception often
involves the use of ‘‘shert-cuts’’—heuristics, rather than
sophisticated, optimally designed algorithms.

The importance of overhead lighting as a ‘‘natural con-
straint’’ is also consistent with the observation that many
plains-dwelling animals (e.g., gazelles, cheetahs, etc.)
have evolved ‘‘countershading’’; that is, they have pale
bellies that serve to neutralize the shading produced by
the sun shining from above. Our results suggest that coun-
tershading may be effective mainly because it reduces the
extent to which an animal’s shape pops out from the back-
ground. Curiously, there is a species of caterpillar that
displays reverse countershading (i.e., a dark belly instead
of a pale belly)—an observation that does not make sense
unless one realizes that this species habitually hangs up-
side down from twigs (Tinbergen, 1968)! And finally, it
has been shown recently (Greenwood, 1991) that certain
octopuses can actually reverse their shading in a matter
of seconds if deliberately held upside down—a ‘‘shading
reflex’’ that is thought to be vestibular rather than visual
in origin.

Is the segregation in Figure SA due to perceived depth
or is it due to 3-D shape? Note that the front surfaces of
the eggs are, on the whole, nearer than the margins (or
inner surfaces) of the cavities; perhaps this difference in
depth leads to the grouping and segregation observed in
Figure 5A. To explore this, we tried presenting the eggs
and cavities in Figure SA in random stereoscopic planes,
so that some of the cavities were actually stereoscopically
nearer than the eggs. When we viewed this display, we
found, to our surprise, that the eggs could still be grouped
effortlessly and segregated from the cavities, even though
they occupied random depth planes. We concluded, there-
fore, that the segregation observed in these displays is
based on 3-D shape (or perhaps even directly on the shad-
ing), rather than on the perceived depth (see also Rama-
chandran, 1990).

Another interesting effect that we have recently ob-
served is that of background luminance on perceptual
grouping and pop-out. We found that segregation was op-
timal when we used a neutral gray background whose lu-
minance was identical to the mean luminance of the shaded
tokens (Kleffner & Ramachandran, 1989). When the back-
ground was too light or too dark (e.g., see Figure 18),
the degree of segregation was reduced considerably. The
observation suggests that the visual system tends to ‘‘as-
sume’’ that the background has the same reflectance
characteristics as do the objects in the foreground (i.e.,
that it is made of the same material as they are). This may
seem surprising, since the assumption that the background
and the objects lying on it share the same material is not
generally true for most objects. It is certainly true for
lumpy terrain, however. Could the shape from shading
system have evolved primarily as a primitive visual mod-
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	Figure 3. This computer-generated photograph demonstrates that the visual system has a builtin"assumption" that the light source is shining from above. Note that the depth in these displaysis conveyed exclusively through shading, with no other depth cues present.



