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A prior for global convexity
in local shape from shading

Michael S. Langer and Heinrich H. B�ultho�

Abstract. To solve the ill-posed problem of shape{from{shading, the visual system often relies

on prior assumptions, for example, that the illumination is from above or that the viewpoint is

from above. Here we demonstrate that a third prior assumption is used, namely that the surface

is globally convex. Using unfamiliar randomly corrugated surfaces, we �nd that performance in

a local shape discrimination task is signi�cant higher when the surfaces are globally convex than

when they are globally concave. The results are surprising because the qualitative global shape

of the surfaces are perceptually unambiguous. The results thus generalize �ndings such as the

hollow potato illusion (Hill & Bruce, 1994) which considered global shape perception only.

1 Introduction

When light strikes a surface, the shading pat-

tern reected from the surface depends on

the incident light distribution, on the ma-

terial of the surface, and on the 3-D shape

of the surface. Inferring shape from shading

is impossible since there are in�nitely many

shapes, lighting conditions and surface re-
ectances that can produce a given shading

pattern (D'Zmura, 1991; Belhumeur, Krieg-

man, & Yuille, 1997). To resolve the ambi-

guity between shape and shading, the visual

system relies on image information other than

shading and also on prior assumptions about

the scene.

One speci�c ambiguity in shape{from{

shading occurs when a Lambertian surface

is illuminated under collimated lighting and

viewed under orthographic projection. The

ambiguity is that the same shading pattern

results if the surface is reversed in depth and
illuminated from a mirror symmetric direction

(Rittenhouse, 1786; Brewster, 1826). For ex-

ample, a valley illuminated from the right has

the same appearance as a hill illuminated from

the left (see Figure 1).

The visual system can resolve this depth

reversal ambiguity if other information is

present in the image such as shadows

(Berbaum, Bever, & Chung, 1984), occlud-

ing contours (Howard, 1983; Todd & Reichel,

1989), perspective cues, stereo, etc. The vi-

sual system also resolves the depth{reversal

ambiguity by making prior assumptions, for

example, that a collimated light is coming

from above rather than from below (Brewster,

1826; Ramachandran, 1988) or that the view-

point is from above rather than from below
(Reichel & Todd, 1990). In this paper, we

refer to prior assumptions simply as \priors."

valley                   hill

Figure 1: The depth reversal ambiguity in shading.
Under collimated lighting, a hill illuminated from one
direction produces the same retinal image as a valley
illuminated from the opposite direction.

It has been claimed that the visual system

has a prior for objects being globally con-

vex rather than globally concave(Johnston,
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Hill, & Carman, 1992; Hill & Bruce, 1993).

The main evidence for a prior for global con-

vexity is that a hollow mould of an upside-

down face (Hill & Bruce, 1993) or an arbi-

trary potato (Hill & Bruce, 1994) appears

globally convex, even though the global shape

of the mould is in fact concave. The \hollow

potato" illusion generalizes the classical \hol-

low mask" illusion which applies to faces only
(Luckiesh, 1916; Gregory, 1970; Yellott, l981;

van den Enden & Spekreijse, 1990; Deutsch,

Ramachandran, & Peli, 1990).

The experiments we present in this paper

were motivated by two issues. First, we were

concerned that the \hollow potato" illusion

could have been partly due to the closed el-

liptical boundary of the potato. That is, the
illusion of a global convex shape might not

have been entirely due to a prior assumption,

but rather might have depended on image in-

formation, namely the occluding contour. To

address this issue, we studied perception of

shape using surfaces whose global shape was

readily determinable from several image cues,

such as shadows, occluding contours, and per-

spective.

The second issue that motivated us is that,

even if the visual system does have a prior for

globally convex shape, it is unclear whether

this prior plays a role in local shape judg-

ments, especially on a complex corrugated

surface with many local hills and valleys. For

example, we might expect that if observers

restricted their attention to local region of

such a surface when perceiving local shape-
from-shading then a prior on global convexity

would play no role at all in the perceived local

shape.

We carried out two experiments to address

these issues. Both experiments used complex

unfamiliar surface shapes rendered with com-

puter graphics (see Figure 2). Each shape
was either globally convex, globally concave,

or globally at. In the globally convex and

concave cases, image cues were present that

disambiguated the global shape, namely oc-

cluding contours, cast shadows, and perspec-

tive. The perspective cue to the global shape

globally convex

globally concave

globally at

Figure 2: An example of a globally convex, globally
concave, and globally at surface as used in Experi-
ment 1.

was particularly salient. The convex surface

bulged in the middle and the concave surface

was shrunken in the middle because of the

di�ering distances of these regions from the

viewer.

The experiments were similar to Experi-

ment 1 of (Langer & B�ultho�, 2000). We

tested how well the observers could discrim-

inate the local qualitative shape of isolated

marked points on each surface. Observers

judged whether each point was on a local hill

or in a local valley. In (Langer & B�ultho�,

2000), we tested only the globally convex case
and found that observers were well above

chance. Given the depth reversal ambigu-

ity, observers could have achieved this above-

chance performance in one of two ways. They

could have used the non-shading cues such as

occluding contours, shadows, perspective to
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determine that the surface was globally con-

vex, thereby resolving the depth reversal am-

biguity. Alternatively, they could have ig-

nored these non-shading cues and instead as-

sumed (correctly in this case) that the sur-

faces were globally convex.

Which of these strategies did the visual sys-

tem use? In this paper, we address this ques-

tion by adding a globally concave condition to

Experiment 1 of (Langer & B�ultho�, 2000). If
observers use the non{shading cues to resolve

the depth reversal ambiguity and don't rely on

a prior for global convexity, then performance

in the globally convex and globally concave

conditions should now be identical, since the

same cues are present in both conditions. If,

on the other hand, observers ignore the non-

shading cues and instead rely only on a prior

for global convexity then performance should

be above chance in the globally convex condi-

tion as in (Langer & B�ultho�, 2000) but below
chance in the globally concave condition, and

at chance overall. A combination of the two

strategies is also possible.

2 Experiment 1

We present only a summary of the method.
The reader is referred to Experiment 1 of

(Langer & B�ultho�, 2000) for more details.

2.1 Method

2.1.1 Stimuli

Surface shapes were de�ned by modulat-

ing either the radius of a half-cylinder or the
height of a rectangle with low pass �ltered

white noise (see Fig. 2). Surfaces were ren-

dered using RADIANCE computer graphics

software (Ward, 1994; Larson & Shakespeare,

1998). Surfaces were Lambertian with a re-

ectance of 30 percent. Interreections were

computed to two bounces.

Each surface was rendered under three col-

limated source conditions:

� line{of{sight, L = (0; 0; 1),

� above{left, L = (�:05; :2; 1),

� below{right, L = (:05; � :2; 1),

where (0; 0; 1) is the viewing direction, and

the (x; y; 0) is the image plane. A weak di�use

source was added to each collimated source to

simulate secondary illumination. The above{

left source was used rather than a source from

directly above, following the �nding in (Sun &

Perona, 1998) that the visual system prefers

light from above{left.

Images were presented achromatically on

a CRT monitor that was calibrated so that

screen luminance was linearly related to ren-

dered surface irradiance. Surfaces were pre-
sented on a uniform white background. Ob-

servers wore an eye patch over the non-

dominant eye and viewed the stimuli in a dark

room at a distance of 80 cm. This provided

roughly the correct perspective. (Head move-

ments were not restricted.) Each surface sub-

tended a visual angle of roughly 20 � 10 de-

grees.

Marked points were chosen from the central

6� 6 degree region. The principal curvatures

of the surface at each probe were required to

be either well above zero (hill condition) or

well below zero (valley condition).

2.1.2 Observers

Eight observers participated (age 18{30)

and were paid at a rate of 15 German Marks
per hour. All observers had normal or

corrected{to{normal vision.

2.1.3 Procedure

Each trial consisted of the following. A

priming image was presented for 0.2 seconds.

The global shape in the priming image was

a at rectangle, a concave half cylinder, or

a convex half cylinder and in each case the

surface was illuminated under the above{left

lighting condition. A small black square probe

was then superimposed on the priming im-

age for 0.8 seconds, during which the observer
made an eye movement to the probe. An im-

age of a randomly corrugated surface such as

in Fig. 2 then replaced the priming image and

a reduced-size probe remained superimposed

on the rendered image. In each trial, the

surface in the rendered image had the same
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global shape as the surface in the priming im-

age.

The observers' task was to judge whether

the marked surface point was \on a hill" or
\in a valley." The observers responded by

pressing on one of two response keys. A three

second limit was placed on the response time.

Prior to the experiment, each observer ran

a practice session of about 20 trials, until they

were comfortable with the task. No feedback
was given either in the practice session or dur-

ing the experiment. The experiment lasted

roughly 15 minutes.

2.1.4 Design

A two{factor within-observer design was

used with three levels per factor. The two fac-

tors were lighting direction (above{left, line{
of{sight, below{right) and global shape (con-

vex, concave, at). Each observer ran 315 tri-

als consisting of 35 trials for each of the nine

conditions (9 = 3 � 3). The order of the 315

trials was randomized for each observer.

2.2 Results and Discussion

A percent correct score was computed for each

observer and for each of the nine conditions.

The mean values for each condition are shown

in Figure 3. An analysis of variance (ANOVA)

was carried out using UNIX|STAT (Perl-

man, 1986).

We �rst considered performance in the glob-

ally at condition to see whether observers

could perform the task using shading infor-

mation alone. In the globally at condition,

there were no shadow, occluding contour, or
perspective cues. A one way ANOVA within

the at global shape condition revealed a main

e�ect for light source direction (F (2; 14) =

44:2; p < :001). Above{left was strongly pre-

ferred over below{right as expected. Thus,

shading alone was suÆcient to perform the

task.

We next ignored the at global shape condi-

tion and carried out a two way ANOVA with

two levels of global shape factor and three lev-

els of light source factor. We found a main ef-

fect for global shape (F (1; 7) = 33:0; p = :001)

percent
correct

0

20

40

60

80

100
convex

flat

concave

       above              line of sight           below

Figure 3: Mean percent correct scores over eight ob-
servers are shown for the nine combinations of global
shape and light source direction. The error bars indi-
cate the standard error of the mean.

with convex preferred over concave. We also

found a main e�ect for light source direction

(F (2; 14) = 80:6; p < :001) with light from

above preferred over light from below. No

interaction was found (F (2; 14) = 1:6; p =

0:23).

Observers clearly relied on priors both for

global convexity and for light from above.

Moreover, observers did not appear to use the

non{shading cues in the image, namely oc-

cluding contours, shadows, and perspective,

as overall performance was near chance (47

%). The fact that observers did not use these
cues was surprising. Response times were typ-

ically well within the three second limit. Mean

response time was 975 ms with a standard de-

viation of 225 ms. Observers were thus con-

�dent enough of their local shape percepts

based on shading and on their priors that

they did feel the need to verify these judg-

ments against these other image cues that

were present.

3 Experiment 2

The second experiment was similar to the

�rst, but extended the set of priors that the

observer could use to resolve the depth rever-

sal ambiguity. The third prior we allowed was
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viewpoint. It has been shown that when a ter-

rain surface is viewed from an oblique angle,

observers prefer a oor interpretation over a

ceiling interpretation (Reichel & Todd, 1990;

Mamassian & Landy, 1997, 1998). That is,

they prefer an interpretation in which they

are observing the surface from above rather

than from below. We addressed whether

this viewpoint-from-above prior is used in lo-
cal shape perception, and if so, what is the

strength of this prior relative to the light{

from{above and globally convex shape priors.

In Experiment 1, the surfaces were ori-

ented such that an viewpoint-from-above

prior played no role. In Experiment 2, we al-

lowed the viewpoint prior to play a role by
rotating the surfaces by 90 degrees about the

line of sight (see Figure 4). In the globally

convex condition, the upper half of the sur-

face had a oor orientation and the lower half

of the surface had a ceiling orientation. In

the globally concave condition, the opposite

occurred namely the upper half of the surface

had a ceiling orientation and the lower half

had a oor orientation. The method was the

same as in Experiment 1 apart from a few

changes that we highlight below.

3.1 Method

3.1.1 Stimuli

The surfaces were rotated by 90 degrees

around the line of sight prior to rendering.

The globally at condition was not included.

Probe points were chosen from regions of

the cylinder that were between six and 16 de-

grees away from the horizontal plane, as mea-
sured from the central axis of the cylinder.

These regions are marked in Figure 4.

The viewing distance was as in Experiment

1 but now a chin rest was used to restrict

head movements, and thereby ensure the cor-

rect viewing perspective. The head was po-
sitioned such that the line of sight of each

viewer passed through the center of the ren-

dered image when the observer viewed the

screen from the perpendicular direction. En-

suring the correct perspective was particularly

important in Experiment 2 since we consid-

floor

 
ceiling

ceiling

floor

Figure 4: The rectangles show the oor and ceiling
regions from which the probe points were chosen in
Experiment 2.

ered viewing direction (oor vs. ceiling) as

one of the factors.
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3.1.2 Observers

Twelve new observers participated.

3.1.3 Design

A three factor within{observer design was

used with two levels per factor. The three

factors were light source direction (above{left,

below{right), global shape (convex, concave)

and viewing direction (oor, ceiling).

Observers ran 512 trials with 64 trials in

each of the eight condition (8 = 2 � 2 � 2).

The trials were randomly ordered for each

observer. The experiment lasted roughly 30
minutes.

3.2 Results and Discussion

The results are shown in Figure 5. A three

way ANOVA yielded main e�ects for all three

factors. The strongest e�ect was for global

shape (F (1; 11) = 46:1; p < :001), convex be-

ing preferred over concave. Light source from

above was also preferred over light source from

below (F (1; 11) = 6:8; p = :025) and view-

point from above was preferred over viewpoint

from below (F (1; 11) = 9:5; p = :01). We also

found an interaction between global shape and

viewpoint (F (1; 11) = 11:6; p = :006).
To estimate the relative strength of the

three factors, we computed a linear regression

of the probability of correct responses over the

three factors, using the MATLABTM routine

regress. This yielded the following �t:

p(L;G; V ) = :51 + :1 L+ :13 G+ :11 V

where L;G; V 2 f�1; 1g represent the light

source direction, global shape, and viewpoint

variables. (The value 1 is the preferred level

and the value �1 is the non{preferred level.)

Thus, all three priors had roughly the same

strength in our experiment.

Finally, we note that observers were again

at chance overall (51 %) as they were in Ex-
periment 1, indicating that non-shading image

cues such as cast shadows, occlusion contours

and perspective were not used to resolve the

depth reversal ambiguity. Rather, observers

resolved the ambiguity by relying entirely on

prior assumptions about the scene.

          floor            ceiling           floor          ceiling  
   
                  L above                           L below       

percent
correct
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Figure 5: Percent correct scores for Experiment 2. Er-
ror bars denote the standard error of the mean for each
condition over 12 observers.

4 Conclusion

We have found that a prior for globally con-

vex shape plays a strong role in local shape-

from-shading perception. For our stimuli and

task, the prior on a globally convex shape had

roughly the same strength as two well-known
priors, namely light from above and viewpoint

from above. We also found that observers

did not make use of non{shading cues such as

occluding contours, shadows, and perspective

when performing the local shape discrimina-

tion task. Rather, they used the information

in a local region of the image only { namely

the local shading { and relied on prior assump-

tions about the scene beyond that local re-

gion.

In future work, we will address two issues

that concern the spatial scale at which shad-

ing information is analyzed. For the surfaces

we used in our study, it was meaningful to dis-

tinguish between global and local scales. The

global scale was de�ned by the curvature of
the half cylinder and the local scale was de-

�ned by the di�erential geometric curvature

of the surface at the marked points. For a

general surface, there may be a continuum of

scales that must be considered. For example,

a surface might be convex at a global scale (a
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solid), concave at an intermediate scale, and

convex again at the local scale (a hill). It is

possible that the visual system uses di�erent

priors on shape at di�erent scales and that

these priors might interact in an interesting

way.

The second issue concerns the visual angle

at which the surfaces are presented. The sur-

faces in our study all subtended a visual angle

of 20 � 10 degrees. It is possible though that

the prior on global shape could change qual-

itatively as a function of the angular size of

the stimulus. For objects sub-tending a wide

enough �eld of view, one might expect the

prior on global shape to switch from a pref-

erence for global convexity to a preference for

global concavity. Such a switch would be con-

sistent with the fact that surfaces sub-tending
a very large visual angle (180 degrees, say) are

often the interior boundary of a closed hollow

space, such as the inside of a room, rather

than the closed boundary of a globally convex

solid shape. That is, at large visual angles,

one might �nd a prior for globally concave

shape rather than globally convex shape, even

in a local shape{from{shading task.
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