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Abstract. Observers judged the slants and tilts of
numerous regions within shaded images of ellipsoid
surfaces that varied in shape, orientation, surface
reflectance, and direction of illumination. The per-
ceived three-dimensional structure of each surface was
calculated from these judgments. Much of the error in
observers’ respounses resulted from a tendency to
perceive surfaces whose axes were aligned with the
display screen. The presence of specular highlights or
cast shadows, in contrast, had no effect on perfor-
mance. The results of the experiment indicate that
several assumptions of certain formal models for
perception of shape from shading are not psychologi-
cally valid. The most notable of these assumptions are
that the visual system initially assumes that ali surfaces
have Lambertian reflectance and that illuminant direc-
tion must be known before shape detection can
proceed. These assumptions are often accompanied by
a third assumption that surface orientation is detected
locally, and global shape determined by smoothing
over local surface orientation estimates. The present
experiment indicates that an alternative approach
offered by Koenderink and van Doorn may be more
psychologically accurate, as it avoids all three
assumptions.

Introduction

While much of our environment consists of solid
objects with extended and often smoothly curved
surfaces, surprisingly little research has been done on
the perception of solid shape. Two formidabie ob-
stacles have slowed the progress of such research. First,

* Supported in part by the Air Force Office of Scientific
Research (AFOSR 82-)148). The research reported in this paper
was performed while the first author was a graduate student at
the University of Connecticut at Storrs

an experimenter must generate displays that depict
different shapes using precisely controlled optical
variables. Second, subjects’ impressions of shape must
be accurately recorded. The computer graphics tech-
nology needed to execute such procedures has only
recently become available and affordable for a typical
perceptual laboratory.

At present psychologists do not even have a
consensual attitude toward what solid shape with
respect to vision is. While classical differential geome-
try offers clegant and powerful descriptions of curved
solid shapes themselves, psychologists seem until re-
cently to have considered such descriptions to be
cognitive or indeed intellectual achievements, having
little to do with the sensory and perceptual processes of
vision. Differential geometry and perceptual theories
employing it are considered at some length later in this
paper, but it is worthwhile to consider briefly the
approach to solid shape perception which is tacit in
many other visual theories.

Certain aspects of solid shape perception are often
analytically dissected and studied piecemeal. A search
for studies of perception of shape in three dimensions
tends to find near misses under the entries “form
perception” and “depth perception”. In fact the percep-
tion of form, or shape in two dimensions in a picture
plane, has a rich tradition (Rock 1973; Zusne 1970)'.
On the other hand, the study of depth perception has
largely concentrated on how the third dimension in
three dimensional structure is seen at all, with little
reference to differences in shape in three dimensions. A
typical study in depth perception might investigate the
relation of textural compression or motion parallax to
perceived slant in depth, but the object slanting in

1 Researchers often distinguish two dimensional “form™ from
“shape™, taking shape to describe the arrangement of all points
on an object, while form refers to an intrinsic structure or essence
common {0 perhaps many related shapes
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depth remains a planar segment throughout. Tacit in
this research tradition is the implication that appre-
hension of solid shape is not rooted in optical infor-
mation at all, but occurs only after some object recog-
nition process marches stored three dimensional repre-
sentations to the two dimensional form and depth
information available perceptually.

Common to rnost studies in both the depth and
form percpetion has been a reliance on experimental
apparatus with which continuous variation in dis-
played solid shape, such as from a sphere to an
ellipsoid, could not easily be achieved. While some
form perception studies have employed curved line
contours in the picture plane, most depth perception
studies have employed depictions of planar or poly-
hedral objects. Orly recently have the manipulation of
smoothly curved objects and the analysis of visual
information for curvature attracted attention (Brauns-
tein et al. 1982; Cutting and Millard 1984; Lappinet al.
1980; Todd and Mingolla 1983). Meanwhile increas-
ingly sophisticated formal procedures for determining
solid shape from optical information have been pro-
posed (Horn 1975, 1977; Koenderink and van Doorn
1979, 1980, 1982a, b; Pentland 1982b), but techniques
for evaluating the perceptual validity of such proce-
dures have yet 1o be developed. Accordingly, the
present paper presents an experiment which intro-
duces new methcds for investigating the perception
of curved solid shapes.

The displays employed in the present experiment
depict curved solid objects solely through varations in
shading. We perceive the shapes of objects in part
through variations in shading resulting from various
positions of illuminants, object surfaces and our eyes.
These variations of shading often result from smooth
variations in the local orientation of surfaces of curved
objects, making shading a natural source of infor-
mation to manipulate for the study of solid- shape
perception.

The problems posed in the study of perception of
solid shape require certain new concepts and tech-
niques for conducting perceptual experiments. Accord-
ingly, the first section of this paper considers issues
involved in the very description of solid shapes and the
connection of shape descriptions to theoretical anal-
yses and perceptual experiments.

The next section outlines how methods for describ-
ing solid shape are related to information available in
shaded images. Most types of visual information, such
as motion parallax, texture compression, or binocular
disparity are typicaily taken to be functions of eye
position and visible surface layout alone, but intensity
values in a shaded image are clearly affected by the
illuminant direction and surface reflectance character-
istics, as well as surface and eye positions. Any analysis

of perceptual information available through shading
must therefore consider how the effects of surface
reflectance and illuminant direction can be untangied
from those of solid object shape and position.

Since not all information available in visual dis-
plays is actually employed by the visual system.
perceptual experiments that measure differences in
performance as information is manipulated must be
performed. In the case of perception of shape through
shading, however, paradigms for evaluating perceptual
performance are needed. What does it mean to say that
the shape of, say, a coffee cup is more accurately seen in
one condition or another? If a subject does not report
experiencing quite the shape depicted by the ex-

.perimenter, just what does the subject experience? In

the experiment reported below the depiction of solid
shapes through shading is manipulated in such a way
as to begin to answer these questions. The experi-
mental methods employed enable experimenters to
compare computed solid shapes of displayed objects
with reconstructions of subjects’ perceived shapes. as
well as to assess the impact of display variables, such as
highlights or cast shadows, on perceptual performance.

What Is Solid Shape?

Describing Solid Shape

Studying the perception of three dimensional shape
poses problems in both the domains of analysis of
visual information and the measurement of perceptual
performance. Almost all of these difficuities can be
traced to the nature of descriptions of objects’ solid
shapes, which seem to be either short but imprecise or
precise but cumbersome. A few important shapes have
names, such as “sphere”, “cylinder”, or “cone”. Even
describing an object as being shaped “like a fish” or
“like a mushroom” can be informative and efficient in
some contexts, but clearly poetic gains are accom-
panied by losses in precision in such descriptions. If on
the other hand one possessed a complete list of ail the
three dimensional Euclidean coordinates of the points
on the surface of an object up to some arbitrarily fine
resolution, such a description could be said to embody
all the information for the object’s solid shape. The
information for shape in such a description wouid be
buried, however, and it is difficult to even imagine how
a perceiver could extract functionally meaningful
aspects of shape from the coordinates. Even from a
purely mathematical standpoint, moreover, a mere list
of points does not seem to be a description of solid
shape, but more adequate modes of mathematical
description exist.



Classical differential geometry offers general and
precise descriptions which are in principle applicable
to the surfaces of all physically realizeable solid shapes.
A number of recent theoretical analyses of the percep-
tion of solid shape have in fact employed concepts of
differential geometry, and a close examination of the
assumptions involved in relating these concepts to
human perceptual performance is warranted (Koen-
derink and van Doorn 1980, 1982a; Pentland 1982b).
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finite volume can be composed entirely of hyperbolic
points. Global theoremis also specify what conditions
must obtain if others are known to exist. For example.
regions of positive and negative curvature on a surface
are always separated by parabolic lines, that is. curves
composed entirely of parabolic points.



