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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,
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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).

The Approach of Classical Differential Geometry

Differential geometry provides a ready made caiculus
of surfaces with promising applications to visual
perception?. Differential geometry is a formal math-
ematic discipline, however, and some of its procedures
might not be realizable in living visual systems. This
section highlights a few of the most basic assumptions
and methods which come into play when differential
geometry is employed in perceptual models.

The simplest classical methods apply to surfaces
which are sufficieritly smooth to admit approximation
in the limit by small planar segments. Atany pointona
surface, then, the surface can be said to have a local
orientation, described by the components of a unit
normal to the tangent planar segment at that point, as
the planar segment is shrunk infinitesimally. Starting
from a given point, moving continuously on a curved
surface to nearby points produces smooth changes in
the orientations of local surface normals. The rate of
change or surface orientation in a given direction is the
curvature of the surface at that point in that direction.
[n general shape information at a point is captured by
knowing the direction and magnitudes of the two
orthogonal “principle curvatures”, the extreme values
of curvature at that point.

Points on a surface can be classified according to the
signs of their principle curvatures. Elliptic points have
principle curvatures with equal signs and occur in
“bumps” or “dimples”™. Hyperbolic or “saddle” points
have principle curvatures of opposite sign, while
parabolic points have at least one principle curvature
of zero magnitude.

All of the terins used so far refer to the local
differential geometry of surfaces, specifying quantities
defined in a small neighborhood of a point. Results
from global differential geometry are of greater rel-
evance to describing solid shape, however. Global
theorems constrain what combinations of local surface
orientations are physicaily realizeable in Euclidean
3-space. For example, no actual surface enclosing a

2 For readers without a background in differential geometry,
an exceilent nontechnical introduction appears in Hilbert and
Cohn-Vossen's classic Geometry and the Imagination
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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.

Differential Geomertry for Vision

The mathematics of differential geometry proceeds in
whatever coordinate system the mathematician finds
convenient, and all points on an object are equally
accessible for analysis, so long as their positions can be
rigorously specified. Visual perception occurs with
reference to an eye's viewpoint, however, and the
relation of a point of observation to a visible surface is
the bedrock of analyses of visual information for solid
shape perception. The perceiver thus imposes a per-
spective or coordinate system on the structure of light
which is reflected by an object's surface. Optical
information is considered next in this paper, but it is
worthwhile here to briefly examine the role of coordi-
nate systems in the geometric concepts just discussed.

The values of the components of surface normals,
which define surface orientation at a point. are depen-
dent on the orientation of the chosen coordinate sys-
tem, but the values of curvature at that point remain

" the same regardless of coordinate system orientation.
_A perceiver’s task in shape perception is often said

to involve a transition from eye-centered to object-
centered coordinates. More is required, however.
Local surface orientation defined with respect to a line
of sight changes as an observer moves about or as the
perceived object rotates, but the curvature at a point
on a rigid object remains the same, even over such
motions. Thus, apprehension of curvature involves not
Just a coordinate transformation, but a transformation
from a coordinate-bound to a more coordinate-free
description.

Analyzing Information in Shaded Displays

Sources of Variation in Shading

The experiment described in this paper employed
computer generated shaded images of ellipsoids. The
process of computing the appropriate intensity at each
image point to simulate a specified arrangement of
surfaces under point-light illumination is by now a
familiar one in the computer graphics literature, and
an introduction to such image generation for per-
ceptual experiments appears in Todd and Mingoila
(1983). The core issue for perceptual psychology is that
the mapping from viewpoint, illuminant position.
surface layout and surface reflectance characteristics to
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resulting image intensities is locally many to one, so
that no obvious route from image intensities to
perceived object shape can be stated.

Great difficulties can be encountered in even the
most simple image environments. Consider, for
example, a small window in the interior of a shaded
image of a sphere. Let that sphere have Lambertian
reflectance and be illuminated by a point source. Next
perturb the image in one of three ways. 1) change the
position of the point source, or 2) let the reflectance of
the sphere be non-Lambertian, or 3) distort the shape
of the sphere into that of an ellipsoid. The intensity
gradient within the small window will change in all
three cases, and infinite families of parameters exist for
which the changes in intensity are locally
indistinguishable. .

Formal Analysis of Information for Shape in Shading

At present there are no models rooted in perceptual
data of how humans perceive shape from shading.
What analyses exist are aimost exclusively formali
accounts of how one could determine shape, given a
pattern of intensities and perhaps some additional
knowledge or assumptions. The proposed procedures
can be grouped into two categories. '

The first approach is essentially a frontal attack on
the local many-to-one mapping of display variables to
intensities. The perceiver's task is taken to be the
computation of the inverse of the image generating
process. Since a strict inverse does not exist, auxiliary
constraints or explicit knowledge of certain display
variables is added until a unique solution is found. This
is the approach of Horn’s pioneering work in the last
decade (Horn 1975, 1977). Todd and Mingoila (1983)
reviews the assumptions of Horn’s procedure and
those of a related approach of Pentland (1981, 1982a).
Horn makes no claims about psychological validity
and invokes vast amounts of externally supplied
knowledge concerning surface reflectance functions
and illumination conditions in order to compute
shape. .

Pentland (1982b) has modified some details of his
earlier work, but thie nature of his analysis remains the
same. Pentland instead assumes Lambertian reflec-
tance and does not require any knowledge of illumi-
nant direction. Pentland does claim certain psycholog-
ical vaiidity for his model and, in that respect, requiring
little prior knowledge is desirable, since humans
routinely perceive shape without being supplied such
knowledge. Notably, however, Pentland’s procedure
does require the prior computation of a perceived
direction of illumination by one module in order to
provide data to the shape module. Thus, while the
information for iluminant direction is taken from the

image itself, the shape from shading algorithm cannot
procede without an estimate of illuminant direction.
Pentland’s approach in fact empioys concepts from
local differential geometry. The strategy is to convert
local variations of image intensity into local estimates
of surface orientation, by considering what surface
normals are consistent with the image intensities, given
the estimated illumination direction and assuming
Lambertian surface reflectance. Pentland argues that
any local gradient of image intensities could have been
produce by some Lambertian sphere at some orien-
tation. Additional smoothing assumptions are then
used to calculate what surface is most consistent with
the surface orientation estimates derived from the
initial sphere assumption. For a given sampling densi-
ty, perhaps one per image point, the resulting grid of
surface orientations can be integrated into a surface.
The second category of formal analyses has been
contributed in a strong series of papers by Koenderink
and van Doorn (1970, 1980, 1982a). Instead of trying to
locally invert the image formation process, they show
that the solid structure of an object modulates the
structure of light available at station points in globally
constrained ways. By structure of light is meant the
positions of singuiarities of luminance (local maxima
and minima) and the topology of connection and
closure of isophotes, contours of equal luminance. The
implication of their analysis is that perceivers need not
bother determining what variables generated a given
intensity at all. Instead, the nestings and inflections of
possible luminance distributions are shown to be both
highly constrained and highly specific to those con-
figurations of hills, valleys, and saddles which make up
solid objects. While their analysis does not purport to
produce parametrically accurate surface orientation or
surface position estimates across a whole object, there
is no perceptual evidence that humans are capable of
such performance. Moreover, from a theoretical per-
spective, the absence of such purported accuracy is
more than compensated by the robustness of the
mapping from luminance topologies to object struc-
ture. That is, unlike in the case of local intensity to
shape mappings, many types of perturbations leave the
structure of isophotes unaffected, while actual changes
in isophote topologies can only occur in ways that are
lawfully related to changes in shape or object position.
Although not reviewed here, another visual theory
is also noteworthy for its emphasis on the importance
of global patterns of optical inputs in its analyses of
perceived depth, form, and lightness (Cohen and
Grossberg 1984; Grossberg 1983).
Sadly, almost no perceptual data on the validity of
the models just discussed exists. No experimental
techniques to date have approached the complexity

-needed to challenge the models of Koenderink and van



Doorn. but the displays in the experiment described in
this paper are rich by traditional standards and they
begin to probe many of the issues already raised.

-

Measuring Performance of Solid Shape Judgement

The quantitative assessment of performance in solid
shape judgments jposes conceptual as well as practical
problems for an experimenter. Global verbal descrip-
tions such as “pear-shaped” are simply too vague for
most experimental paradigms. In order to investigate
the perception of two differently shaped pears, the
experimenter would like to gauge the subject’s im-
pression of the relative differences in the pears’ shapes
over their entire visible surfaces. If the base of one is
“rounder” than that of the other, or if one pear appears
to have greater longitudinal symmetry, how can the
extent of these perceived differences be assessed? The
impression of shape “at a point” of the surface must be
probed, but global solid shape as such does not exist at
any point. The shajpe related quantities that are defined
at a point are local surface orientation and curvature.
Thus, as the discussion of differential geometry in-
dicated, it may be necessary to measure the subject’s
impression of local surface orientation as a means of
parametrically probing their impression of solid shape.

As a practical matter, assessing the subject’s im-
pression of surface orientation can probably only be
carried out for a few dozens or, conceivably, hundreds
of points. For an image of the resolution available on a
typical computer graphics display (e.g. 640 X 512
pixels) it would be extremely difficuit, given limitations
in subjects’ accuracy, to mathematically “reconstruct”
an interpolation of the perceived shape by integrating
over pointwise orientation judgments. While this
would be a fascinating project, even if carried out
successfully, the resuit would be a set of coordinate
values, with precisely the limits mentioned previously.
It would still remain to give some compact description
of the nature of the transformation {from depicted to
perceived object. -

The preceding discussion indicates that an experi-
ment in which subjects are asked to indicate surface
orientation is in danger of remaining an experiment
about surface orientation rather than about shape.
Clearly a subject’s misperception of depicted shape
would result in errors in orientation judgments, but
the magnitudes and directions of orientation errors
must be related to recognizable aspects of the depicted
object’s shape. In other words, sizable orientation
errors could result from the subject experiencing the
object’s shape entirely accurately, but mistaking the
object’s overall oricntation to the line of sight. The
account of the experiment reported below describes
how this ambiguity can be resolved.

+1

Experiments

Introduction

The basic strategy of the experiment was to present the
subjects with displays of two related but different solid
shapes in a variety of conditions which affect image
shading. The chosen shapes were ellipsoids. in part
because they permit parametric control over displayed
shape; two ellipsoids can, for example, differ only in the
length of one semiaxis, making one ellipsoid thicker
than the other. Subjects were asked to judge local
surface orientation at a number of points; this per-
mitted a fitting procedure to determine what shape in
what orientation the subject actually experienced.
Subjects were also asked to judge illuminant direction,
which was one of the independent shading variables in
the experiment. The other shading variables were the
presence or absence of specular highlights on the
eilipsoid surface and the presence or absence of cast
shadows on a background.

The experimental manipulations were designed to
investigate the following issues:

1. Is the formal assumption of Lambertian sur-
faces psychologically plausible for shape detection? If
human visual processes somehow embody such an
assumption, performance should be worse for shiny
ellipsoids than for dull ones, because the external
knowledge usually said to compensate for shininess is
not provided to the subject.

2. Is performance on direction of illumination
estimation related to performance on surface orienta-
tion estimation? In particular, is there evidence that
an estimate of the illuminant direction is necessary for
analysis of shape?

3. Is information for solid shape fundamentally
local or global? This issue is complex, but the intensity
variations produced by the two solid shapes employed
in the experiment are indistinguishable locally, parti-
cularly in the context of the manipulation of surface
reflectance and illuminant direction. A purely local
procedure would therefore perform with the same
accuracy for the two shapes employed in the
experiment.

Method

Specifying Orientations. The positions of the objects
and light sources in the experimental displays and the
data collected from subjects are described in terms of
slant and tilt. Figure | describes how these terms can be
used to describe both local surface orientation and
global object orientation. Similarly, aithough not
displayed in Fig. 1, the same reference system can be
used to describe a prevailing direction of illumination.
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local surface slant local surface tilt

display screen

axis slant axis tit

- display :&m

b Oove

Fig. 1a snd b. Slant and tilt are defined with respect to a
coordinate system whose axes are parallel to the display screen
and the line of sight. a shows how these terms apply to the local
surface orientation of points on a solid object. (Only the outer
rims of the solid object are depicted in this line drawing.) Local
surface siant, . is the angle formed by the local surface normal
(solid arrow) and the direction parallel to the line of sight to the
display screen center. By convention, the direction aloag the line
of sight is said to have zero slant. Tilt, z, is the radial direction of
slant relative to the picture plane. By convention, tiit is measured
counterclockwise, with zero in the “three o’clock™ position. b
indicates how slant and tilt can also be used to indicate the global
orientations of objects having axes of symmetry

by imagining a vector positioned at the center of a
display screen and pointing at a light source.

Subjects. Five male graduate students participated in
four 90- to 120-min sessions and were paid $40.00.
Four were naive concerning the design of the experi-
ment, while one had casual conversations with the
experimenter prior to participation.

Apparatus. Displays were presented on a Conrac 17-
inch video monitor controlled by a NOVA mini-
computer. The displays were viewed binocularly at a

Fig. 2a and b. Two of the 16 ellipsoids in the experiment illustrate
the variations of the four experimentali factors. The ellipsoid in a
is dull, has a cast shadow, is obliquely illuminated and has the low
eccentricity shape. The one in b is shiny, does not have a cast
shadow, is directly illuminated and has the high eccentricity
shape. (It should be noted that because of distortions in the
processes off photographic reproduction, these pictures appear
considerably less realistic and three dimensional than they do on
a video screen)

distance of approximately 100cm. Head and body
movements were not restricted.

Stimulus Displays. Each display consisted of an ellip-
soid object in front of a checkerboard background, as
exemplified in Fig. 2. A complete crossing for four two-
level experimental factors produced 16 related but
different displays. The four factors were: surface re-
flectance, cast shadows, direction of illumination, and
shape. The chosen levels of these factors can be
described with reference to the image generating
procedure which was employed.



Todd and Mingolla (1983) describe the assump- -

tions and procedures related to generating shaded
dispiays on computer controlled video screens, and
Mingolla and Todd (1984) describe the geometry of the
modeled ellipsoids, observer. and display screen in
detail. The heart of the display algorithm for the
shaded images employed in the experiment is the image
shading equation (Blinn 1977):

lp=1,s+1;s(L-N)+I. g(H-N)n. (1)

In (1), I, refers to the intensity of a picture element or
pixel on the video screen. That intensity is the result of
three terms in the equation, the first describing the
effects of ambient illumination on a surface, the second
describing the effects of diffuse reflectance of a point
source’s illumination at a surface region, and the third
describing specular reflectance at the same region. [, is
the intensity of ambient illumination and [ is the point
source intensity. The aibedo of the surface is specified
by s, ranging from 0 for perfectly black to 1 for perfectly
white. The factor g specifies the proportion of incident
light reflected specularly, and n describes the scattering
of the specular reflectance; a perfect mirror would be
modeled by an infinitely large n. L is a unit vector
pointing from the modeled surface region to the point
source illuminant, N is the outward pointing unit
surface normal, and H is the unit vector which bisects
the angle formed by L and the line of sight.

Two levels of reflectance were employed; ellipsoids
could be shiny or dully. For shiny displays s, g, and n
were 0.4, 0.5, and 9 respectively, and for dull displays s
was 0.4 and g was 0. Consequently shiny ellipsoids had
higher maximum intensities than dull ones.

Fora given display a cast shadow was either present
or absent. When shown, the cast shadows were com-
puted according to the method outlined in Mingolla
(1983). A checkerboard background pattern was
modeled to be parallel to the display screen and
perpendicular to the line of sight. Its squares were dull,
with g equal to 0 and s values of 0.2 and 0.5 for dark and
light squares, respectively. Illumination for shadows
was taken to be from an infinitely distant cluster of five
point sources in 4 cross pattern, with the cross points
displaced 1° frorn their nearest neighbor. The cross
illumination pattern produced somewhat fuzzy pen-
umbras in the cast shadows.

Although homogeneous diffuse illumination of
about one tenth the intensity of the prevailing point
source illumination was included in all displays, a
strong directional illumination was always present.
The computed direction of illumination from the point
source illuminating the ellipsoids was either “direct”,
with a slant of 10°, or “oblique”, with a slant of 40°.
Computed illuminant tilt for all displays was 60°.
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Each display contained an ellipsoid with one of two
shapes; the first had semiaxis lengths with ratios
100:84:50, and the second had ratios of 100:70:60.
For reference in this article, objects of the first shape
are referred to as “high eccentricity” and those of the
second shape as “low eccentricity”. These relative
terms refer to the ratios of the lengths of the longest and
shortest axes of the respective ellipsoids. Although the
ellipsoids were of two solid shapes, the outer contours
of the ellipsoids in the picture plane were always
identical. This was achieved by finding an appropriate
combination of semiaxis lengths and orientations as
described in Mingolla (1983). In order to match the
outer visible contours of ellipsoids with the dimensions
just described, the semiaxis orientations of the high
eccentricity ellipsoids were first rotated 45° about the
horizontal, or x axis, and 120° about the line of sight. or
z axis. Corresponding rotations for low eccentricity
ellipsoids were 20° and 120°. The purpose of the outer
contour control was to guarantee that differential
shape information was contained solely in the interior
intensity gradients.

Procedure. A within-subjects design was used. and
each subject saw each dispiay twice. Eight displays
were presented -in a randomized order in the first
session and the other eight in the second session. The
set of sixteen was similarly repeated in the third and
fourth sessions.

At the start of the experiment each subject was
given 10-20min of instruction about slant and tilt.
Each was shown a physical sphere with toothpicks
stuck in it to illustrate surface normals and was quizzed
about the slants and tilts of the toothpicks until the
experimenter was satisfied that the concepts and frame
of reference to be adopted relative to the display screen
were clear to the subject. A physical model of an
ellipsoid was also shown to each subject. Subjects were
warned that an ellipsoid was not necessarily a surface
of revolution, and that the orientation of displayed
ellipsoids would not necessarily be such that their axes
would be parallel to the display screen or to the line of
sight. Subjects were run individually and keyed their:
responses into a terminal connected to the minicom-
puter that controlled the displays. The experiment was
self-paced, and a new display generated a few seconds
after the subject reported the last surface orientation
for a given display. Subjects had a chart available at all
times which labeled tilt directions in the picture plane
in increments of 10°, from 0° counter-clockwise to
350°, with 0° in the standard “three o’clock™ position.
They were told that all displayed slants would be less
than 90°, but were otherwise left to report slants and
tilts of whatever ranges and in whatever increments
they pleased. For the surface orientation judgments a
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Table 1. Slants and tiits of probed points in degrees

0 3 60 90 120 150 180 210 240
60 30 30 10 20 60 20 10 50

subject’s attention was directed to a three pixel high
black cross, which flashed three times and then re-
mained steady on the screen until the slant and tilt
responses for that point were collected.

As cach display was presented, subjects were
prompted on the terminal to report the slant and tilt of
the prevailing illuminant direction. They were then
asked to report the slant and tilt of the surface normals
for 13 points on each display. Sets of probed points
were related for all displays by virtue of having the
same slants and tilts, which were chosen as follows. Tilts
corresponding to the directions of each of the twelve
numbers on an analog watch face were chosen for each
display. Slants were randomly assigned once for all
displays from the set 10° through 60° in units of 10°,
with the constraint that each slant appear twice,
resulting in the combinations of Table 1.

In addition, the point having the slant 0° and tilt
undefined was also displayed; its surface normal
pointed along the line of sight. It may be noted that for
high eccentricity ellipsoids the locations of the probed
points on the screen varied somewhat from the loca-
tions of the probed points for low eccentricity ellip-
soids, in keeping with the constraint that the depicted
orientations of sampled points be constant for all
displays. Details of the procedure for matching probed
points in this way can be found in Mingolla and Todd
(1984).

Before beginning the 16 experimental displays each
subject practiced reporting direction of illumination
and surface orientation judgments for two ellipsoids
similar to those used in the experiment. In the practice
trials feedback was given in two forms for surface
orientation judgments. First the computer terminal
displayed the deviation in degrees between the re-
ported and computed orientations at a point. The
display screen then showed which point on the ellip-
soid surface actually had the computed slant and tilt
reported by the subject in response to the original
probed point. It was hoped that in this way subjects
could calibrate their reports to their visual im-
pressions. During the experiment itself, however, no
feedback was given to subjects.

All the subjects found the task of reporting orienta-
tions in terms of slant and tilt to be somewhat difficult.
Each agreed that the surface orientations themselves

were casy enough to “see”, but difficult to report in

angular units. Subjects often took over a minute to
make a single response, especially during the early

270 300 330
50 40 40

trials, but all felt confident that they succeeded on the
whole in representing their impressions through the
slant and tilt responses. '

Results

The results of the experiment can be viewed in two
main ways. First, display variables are organized into a
simple factorial design, and surface orientation and
illuminant direction judgments can be analyzed by
conventional ANOVA and correlation techniques.
These techniques do not yield satisfying interpreta-
tions of perceived shape, however, and in the second
part of this section the best fitting ellipsoids for
subject’s responses are described.

Statistical Analyses. The discrepancy in degrees be-
tween a subject’s reported orientation and the dis-
played orientation was computed for all probed points.
While subjects reported two numbers, slant and tilt, for
cach reported orientation, those numbers refer to one
surface normal. The angle formed between that surface
normal and the surface normal used by the display
algorithm was the error at that point for all reported
analyses. The mean of the 13 error scores for a given
presentation of a given display was the score of overall’
performance on that display. The patterns of errors
across displays were similar for all five subjects, and
their data for each task were analyzed in a single
repeated measured ANOVA.

Two shapes were displayed in two directions of
illumination, with or without cast shadows, and with
either shiny or dull surfaces. While ANOVA’s for
surface orientation and direction of illumination judg-
ments yielded many statistically significant effects due
to the large number of observations, only a few
accounted uniquely for as much as 5% of total
variance.

Surface Orientation Judgments. - Reports for high
eccentricity ellipsoids were much more inaccurate than
those for low eccentricity eilipsoids. Error means in
degrees were 21.0 for high eccentricity ellipsoids and
13.4 for low eccentricity ellipsoids, yielding F(1, 4)
=23.7, p<0.01, accounting for 47.4% of the total
variance.

- Judgements in oblique illumination were somewhat
more difficult than those in direct, with error means of
18.7 and 15.6, respectively, F(1,4)=22.6, p<0.01,
accounting for 7.5% of the total variance.



