
Chapter Three:  Perceiving and Representing Shape and Depth

To determine how to represent the shape and depth of a layered transparent surface most
effectively with sparse, opaque texture, we need both to understand the various potential sources
of shape and depth information available in a two-dimensional representation of a three-
dimensional scene and to have some sense of how effectively our visual system might use this
information to accurately infer the shape and depth relations of the depicted objects.  The
distinction between shape cues and depth cues has historically been somewhat blurred, and it
has not been until very recently that a coherent theory for the definition of object shape in a global
sense, distinct from local measurements of slant and tilt, has emerged [Koenderink 1990],
although the question of how our perception of the global shape of a surface might be related to
our perception of the depths and local orientations of that surface at isolated points is still not
exactly clear [Bülthoff and Mallot 1988].  While there is insufficient time and space here to do
justice to the vast extent of current knowledge about shape and depth perception, I have
attempted in this chapter to review selected aspects of these topics that I hope will be useful for
providing insights into methods for more effectively representing shape and depth information
in computer-generated images.

3.1:  Pictorial depth cues

Our perception of the relative depth, or distance from the viewpoint, of the various
objects in a static, two-dimensional image of a three-dimensional scene may be influenced to
various extents by several different factors, which are sometimes referred to as pictorial cues to
depth because of their use by artists to convey a greater sense of depth in a flat medium.

Of most relevance to this dissertation, of course, is the topic of texture and the
relationship between texture properties and perceived depth and shape.  Because of the central
importance of this particular issue, the texture gradient depth cue will be discussed separately, in
section 3 of this chapter.  A very brief description of the other pictorial depth cues is now given.

3.1.1:  Occlusion

Probably the most important of the pictorial depth cues is occlusion, the obscuration of a
portion of a more distant object’s surface by another surface that is closer to the viewpoint.  There
is evidence that our visual system makes fundamental use of occlusion information to encode the
relative depths of superimposed surfaces at a relatively early stage in visual processing, and that
the occlusion boundaries  are the key elements in conveying the depth relationships [Nakayama et
al. 1989].  Figure 3.1, based on the demonstration and discussion of this concept by [Nakayama et
al. 1989], illustrates the effect that properties of the occluding object can have on the perceptibility
of the occluded one.
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Figure 3.1:  An illustration, based on figures and discussion in [Nakayama et al. 1989],
showing the effect of occlusion boundaries on the perception of relative depth and figural
continuity.  Left: an upper-case letter “B” occluded by a figure whose color cannot be
distinguished from the background.  Center: the same arrangement of figures, but with the
edge of the occluding figure clearly visible and the occluding line defined sharply toward the
interior and in a more blurred fashion toward the exterior.  Right: the same arrangement of
figures, but with the entire occluding figure filled in.  (As a consequence of this filling in, the
sharp edges of the occluding figure are no longer “enhanced”.)

3.1.2:  Linear perspective

When we look through our eyes at the world, the three-dimensional information in the
scene gets projected onto the two-dimensional surface of our retina.  Mathematically, this
transformation can be described by a perspective projection, a 3D-to-2D mapping that has several
important features.  The first of these is what is often referred to in the literature as “linear
perspective” or the observation that lines which are parallel in the three-dimensional model will
appear in the projected image to converge toward a single vanishing point as they recede into the
distance.  This phenomenon is illustrated in figure 3.2.  In general, the effect will be most
pronounced when the lines originate close to the viewpoint and extend a considerable distance
away.

Figure 3.2:  A photograph illustrating linear perspective (the apparent convergence, in
the two-dimensional projection, of lines known to be parallel in the three-dimensional scene).
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Parallel lines are obviously not the only lines whose relative orientations are “remapped”
by a perspective projection, but the effects of perspective convergence may be most clearly
represented by them.  It becomes increasingly difficult to appreciate the “distortion” due to
perspective projection when the represented objects are more distant from the viewpoint, have a
more limited extent in depth, and are smoothly curving or of irregular or unfamiliar shape.

A perspective projection is clearly not the only possible 3D-to-2D mapping, and in some
instances it has been argued that, for the purposes of representing certain types of information
about a three-dimensional model, it is not necessarily the best type of mapping to use.  A
common alternative is to employ an orthographic projection, in which parallel lines remain parallel.
Such projections can be somewhat easier to construct manually and interpret intellectually, and
certain algorithms for generating images from three-dimensional models derive their
computational efficiency from relying on the regularities inherent in this approach.  We are not
constrained, when constructing a computer-generated image, to represent the data exactly as it
would appear if it sat before us as a physical entity;  however, it is important to consider both the
advantages and disadvantages of stylizing the display.

3.1.3:  Relative familiar size

A second consequence of perspective (but not orthographic) projection is that as an object
moves farther away from the viewpoint it will subtend a smaller visual angle on the retina.  This
means that more distant objects will have relatively smaller projected sizes, and this is the basic
premise behind the pictorial depth cue referred to as “relative familiar size”.  The idea is that if
one knows the actual relative sizes the depicted objects, then, in the absence of other cues to

Figure 3.3:  A pair of photographs illustrating appropriate and inappropriate situations
for using the “relative familiar size” cue to depth.  Left: The relative distances of the gondolas
can be inferred from the differences in their relative sizes in this image, because their actual
relative sizes are known a priori (or can be reasonably assumed).  Right: The relative distances
of the buildings in the foreground and the buildings in the background are not accurately
reflected by their relative sizes in the image.  (What we see in the foreground is a scale model
of the city of Sevilla; the real city of Sevilla appears in the background.)
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depth, one can infer their relative depths from the differences in the sizes of their projections.
This concept is illustrated in the lefthand image of figure 3.3, where the different sizes of the
gondolas reflect their different distances from the viewpoint.  Of course, if the actual relative
sizes of the objects are not accurately known, no valid conclusions about their relative depths can
be drawn from this size information, as the righthand image of figure 3.3 clearly shows.

Numerous psychophysical experiments and geometrical illusions provide evidence of an
intrinsic connection between our perception of relative size and relative depth.  Ittelson [1951a,b]
conducted a series of experiments that quantitatively measured the effects of relative familiar size
on perceived relative distance in the absence of other depth cues and verified that these relative
size differences evoked an impression of differences in relative depth.  Although he argues that
the relationship between size and depth is a reciprocal one, other researchers have offered
evidence that when alternative depth cues are present, particularly perspective convergence, they
tend to dominate the perception, and to such an extent that an illusory misperception of both
actual and relative size differences can result, as illustrated in figure 3.4.

Figure 3.4:  A photocollage, modeled after an illustration by Lehmann [1966] (cited in
[Metzger 1975]), that attempts to demonstrate the subordinate role of relative size in the
judgment of relative depth.  (My aim was to enable a perception of the man on the left as
either a giant standing in the depth plane of the farthest woman, or as a “twin” of the
rightmost man, standing on a hill in the foreground.  When such a picture is correctly
composited, the former impression will dominate and the repeated man will appear to be of
different sizes in his multiple locations in the image as well as in the scene it represents; these
illusory size differences are not perceived when the latter impression is attained.)

3.1.4:  Relative height

When objects resting on a common horizontal ground plane are viewed from above, the
objects that are more distant from the viewpoint will project to positions that are relatively higher
in the view.  This feature of 3D-to-2D projection, which can be observed in figures 3.2, 3.4 and 3.3-
right (but not in figure 3.3-left) has been referred to as the “relative height” cue to depth, and is
intrinsic to both perspective and orthographic projections.  Painters have historically used
relative height as a device for portraying depth in pictures, and a series of experiments by
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McGurk and Jahoda [1974] showed that youngsters aged 4–10 appeared to interpret elevation as
indicative of depth in simple pictures.  Because relative height will not be a reliable cue to relative
depth for objects that do not share a common, horizontal ground plane, it seems reasonable to
assume that an estimation of the strength of this cue might be given by a measure of the extent to
which observers are predisposed to making this figural assumption (that objects rest on a
common ground plane) when it is not otherwise indicated or contradicted.  Gibson [1950a] used
the experimental set-up shown in figure 3.5 to illustrate the propensity of observers, in absence of
information to the contrary, to perceive an object as resting on the ground plane over which it is
superimposed.

Figure 3.5:  Experimental set-up constructed by Gibson [1950a] to demonstrate the
tendency we have to perceive an object as resting on the ground plane over which it is
superimposed in a projected view.  When the rectangles are viewed monocularly from a
stationary, forward vantage point as illustrated in the image on the left, they appear to be of
the same size but located at different depth distances.  The actual arrangement of the objects is
made clear in the image on the right.  Both pictures are from [Gibson 1950a].

3.1.5:  Atmospheric attenuation

In many parts of the world the air is not clear but is filled with multitudes of tiny
particles, from pollutants or from moisture.  The accumulation of these particles over a distance
of several miles (or, in some cases, yards) compromises the visibility of distant objects, causing
them to appear somewhat “washed-out” and to have less contrast, both internally and in
comparison with the sky.  This phenomenon, also referred to as “aerial perspective”, is illustrated
in figure 3.6.  O’Shea et al. [1994] and Egusa [1983] both cite numerous psychophysical
experiments confirming that stimuli which have a lower luminance contrast with the background
are perceived to be more distant, and Egusa [1983] also reports that objects with equal luminance
but contrasting hues or saturations may be interpreted to lie in different depth planes.  (I was not
able to find a report specifically documenting an effect on depth perception of differences in
internal luminance contrast, between the various regions of a pattern on a surface for example,
but I did empirically verify this concept for myself.)

Livingstone and Hubel [1987] conducted a series of experiments in which they found that
each of the classical depth cues (some of which we have already discussed and some of which
will be discussed in later sections) ceased to function as such under conditions of equiluminance.
Depth from stereo, shape from shading, shape from texture, depth from linear perspective, depth
from motion, even depth from occlusion, all proved to be difficult or impossible to perceive when
the images were defined by color rather than luminance differences.  Since Livingstone and
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Figure 3.6:  A photograph illustrating the “aerial perspective” cue to depth.  One can
observe the effects of atmospheric attenuation here in the decreased visibility of both the
distant mountains (which are barely visible in the very center of the image) and the relatively
nearer hillsides, in contrast with the vegetation in the immediate foreground.  (This particular
image, taken in Honduras during the dry season, represents a fairly extreme situation.  By way
of comparison, it should be noted that the aerial perspective cue is almost nonexistent in the
landscape of figure 3.4. )

Hubel report that many of these effects are visible only at equiluminance and that the exact colors
that are perceived as equiluminant will vary between individual observers, I will not attempt to
repeat these demonstrations in print.  Nevertheless this finding probably more than any other
underlines the central importance of contrast as a depth cue.

In a very similar vein, Cavanagh and Leclerc [1989] showed that shadow perception
appears to be completely dependent on luminance information and remarkably impervious to
unnatural perturbations of color, texture or binocular disparity.  In a long series of experiments,
they showed that in order for the shadow regions of an image to be perceived as such they had to
be of relatively darker luminance than the surface on which they fell, both globally (in terms of
the mean) and locally (across the shadow borders), and that, when these conditions were not met,
the identical image subregions defined by any other means — including equiluminant color
differences, texture motion (including the accretion and deletion of texture elements along the
borders of the region), binocular disparity and equiluminant texture pattern differences — while
clearly discriminable, could not be interpreted as shadows.

3.1.6:  Spatial frequency, focus, depth of field

When we perceive objects in our everyday experience, we are rarely conscious of
anything appearing to be “out of focus”.  Under ordinary circumstances, when we direct our
attention to an object we fixate it in our fovea and automatically adjust the lens of our eye to
bring the object into focus.  Because of the great disparity between the depth of field attainable by
our visual system and the depth of field available with a camera, however, it is not at all
uncommon to observe photographs in which some part of the image is blurred due to its distance
in depth from the focal point.  As the image in figure 3.7 illustrates, we seem to be able to
interpret relative differences in focus as indicating a disparity in relative depth.
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Figure 3.7:  A photograph illustrating how an impression of distance can be intuitively
understood from differences in relative focus, in an image with few complementary depth
cues.  The fact that the child in this picture is waving at an iguana in the distance and not
reaching out to touch an iguana perched on a rock is immediately obvious, although the
quantitative amount of depth distance between the two is not (it was a few yards).

Experimental evidence substantiating the usefulness of focus as a depth cue was
provided by Pentland [1985], who performed experiments verifying that people perceived a
greater separation in depth between overlapping objects in images in which there was a larger
gradient of focus between them.  Further support for the perceptual significance of focal
differences can be drawn from experiments by Klymenko and Weisstein [1986], who found that
when the separate parts of an ambiguously organized image were filled with sine wave gratings
of two different spatial frequencies but equivalent contrasts, the region filled with the higher
spatial frequency pattern was seen as figure (rather than ground) a significantly greater
percentage of the time.  Although there is generally not enough information available in a
limited-depth-of-field image of two non-overlapping surfaces to determine the sign of the depth
distance between them purely on the basis of focus information, Marshall et al. [1996] described
how it should be theoretically possible for observers to disambiguate the depth order of
overlapping textured surface on the basis of the amount of blur along the occluding edge, and
conducted experiments verifying this hypothesis. (About half of the subjects in these experiments
consistently judged the blurred half-plane to be closer when the occluding edge was blurred and
the focused half-plane to be closer when the occluding edge was sharp; for the other half of the
subjects this trend, while detectable, was fairly modest.)

3.2:  Oculomotor Cues to Depth

In addition to deriving information about the relative depths or depth order of surfaces
from pictorial information in static two-dimensional images, our visual system is able to obtain
direct information about the absolute distances of objects in our immediate environment from the
physical sensations associated with the actions of the muscles of our eyes.

3.2.1:  Accommodation

Typically described as a monocular depth cue because it is not explicitly dependent on
the involvement of both eyes, accommodation refers to the action of changing the curvature of
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the lens of the eye so that an attended object can be viewed in focus.  When the ciliary muscle,
which surrounds the lens of the eye, is fully relaxed, the lens is at its flattest.  This is the normal
condition for viewing objects from a distance of more than about 10 feet [Kaufman 1974].  When
we focus on closer objects, the ciliary muscle is contracted and the lens bulges outward with
greater curvature.  (A simple and effective way to elicit the sensation of changing accommodation
is to close one eye, hold up two open fingers at arm's length, and shift attention back and forth
from the fingers to whatever is visible between them in the background.)  While the exact
mechanism by which we interpret absolute depth from the sensations associated with
accommodation is not fully understood, psychophysical research has confirmed that at least
some human observers are able to make reasonable judgments about the absolute distances of
appropriate target stimuli in situations in which accommodation is the only available cue to
depth and the objects are located 16–50cm from the viewpoint.  Fisher and Ciuffreda [1988] found
that the amount of perceived depth was linearly related to the magnitude of the accommodative
response, but with a slope of less than 1, and also showed that accommodative response closely
matched accommodative stimulus only for targets with certain spatial frequency and contrast
characteristics, explaining why some researchers have found accommodation to be a relatively
weak source of depth information in other experiments.  Although depth differences can be
detected under some conditions on the basis of accommodative responses to stimuli located at
distances greater than 50cm [Kaufman 1974], the relationship between accommodation and
perceived distance will no longer be linear for distances in this far range and larger errors in the
accuracy of the perceived distance can be expected [Fisher and Ciuffreda 1988].

3.2.2:  Vergence

When we look at a nearby object with both of our eyes, the two eyes do not each point
straight ahead but rather turn slightly inward, with the directions of sight from each eye
converging at a focal point on the object being attended to.  The depth distance of an object can be
derived, mathematically, from the amount of inward turning of the eyes, or binocular convergence,
together with the interocular distance, when both of these quantities are known.  As was the case
with accommodation, it is not exactly known how the kinesthetics of convergence are interpreted
by the visual system to indicate absolute depth, but evidence cited by Kaufman [1974] appears to
indicate that this phenomenon is mediated by the signals sent from the brain to the eye to control
their direction of gaze rather than by sensations reported from the eye muscles themselves.  A
number of researchers, including von Hofsten [1976] and Komoda and Ono [1974], have reported
psychophysical evidence indicating that subjects are able in a fairly consistent manner to infer the
egocentric distances of objects purely on the basis of vergence cues, although it is a viable cue to
relative distance only within a depth range of approximately 6m and, within this range, distances
of less than about 40cm appear to be consistently overestimated and distances greater than about
40cm consistently underestimated Grant [1942].  It has long been observed that a more powerful
perception of depth can be derived from accurately rendered perspective images if one eye is
closed.  ([Pirenne 1975] even cites a quote to this effect by Leonardo da Vinci in the 15th century.)
It is possible that this phenomenon can be partially explained by the fact that binocularly-derived
evidence for the flatness of the image is eliminated under the conditions of monocular viewing.
Recent experiments by Enright [1987] support this conclusion, indicating that appropriately
directed vergence responses can be evoked from perspective stimuli viewed monocularly.  Grant
[1942] found that in “incomplete” monocular stimuli (in which stimulation is presented to one
eye only) although both eyes respond in a unified fashion, the response of the unstimulated eye is
somewhat incomplete.

A strong connection has been shown between vergence and accommodation responses to
stimuli.  Under typical viewing conditions, a stimulus to one will evoke a coordinated response
by both [Kersten and Legge 1983], and when they are both stimulated but in a contradictory
fashion, the perceived depth tends towards an average of the stimulated depths [Grant 1942].
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Although psychophysical evidence appears to indicate that accommodation and vergence, either
separately or together, can provide useful depth information, it is at present unclear how we
might hope to implement a visualization system in which an appropriate correspondence
between the displayed image and the accommodation and vergence states of the eyes is
maintained.  As data representation technology improves and other sources of depth information
are more faithfully represented, the impact on perceived depth of accommodative cues to the
depth of the screen may assume increasing significance.

3.3:  Shading

While shading has sometimes been described as a “pictorial depth cue”, and some of its
particular aspects, such as shadows, certainly fall under that category, I have chosen to discuss all
of the phenomena of shading together, under a separate heading, because of the important role
that shading information can play in communicating shape as well as depth.  Following Yonas
[1979], I am dividing my discussion of “shading cues” into two sections, treating the luminance
attenuation on a surface due to light source occlusion (“shadows”) separately from the luminance
distribution on a surface due to illumination by a non-occluded light source (“shading”).  The
former is primarily useful as a cue to depth while the latter can provide supplementary
information about surface orientation, curvature and shape.

3.3.1:  Depth from shadows

In our everyday visual experience, many if not most of the objects that we encounter tend
to be positioned so that they rest on top of an underlying surface rather than being suspended
freely in the air.  This precept does not always apply, however, to objects represented in
computer-generated (or hand-drawn) images, which means that the exact location of an object in
relation to the ground plane can be ambiguous in these pictures.  As was mentioned earlier,

Figure 3.8:  An example of sample stimuli used by Yonas et al. [1978] to examine the
influence of cast shadows on the perception of relative depth, height and size in pictorial
representations.



40

however, observers do appear to assume, in the absence of information to the contrary, that an
object rests directly on top of whatever ground plane is indicated in the illustration [Gibson
1950a].  Artists have for many years used cast shadows as a pictorial device for enhancing the
three-dimensional appearance of a scene (Yonas [1979] cites several historical examples), and
psychophysical experiments have confirmed that the information provided by cast shadows can
influence observers' perception of the position of an object relative to both the ground plane and
the viewpoint.  When Yonas et al. [1978] presented observers with variations of the stimuli shown
in figure 3.8 and asked them to indicate which sphere was higher off the ground, adult subjects
chose the sphere with the detached shadow about 80% of the time.  They also chose this sphere as
being the closest to them in about 80% of the cases, and as the smaller of the two in almost 90% of
the cases.

Figure 3.9 shows an example of the usefulness of cast shadows for indicating depth in a
“real world situation”.  In this case, the shadows indicate the relatively greater relief of the
carving in the center panel.

Figure 3.9:  A photograph [Réunion des musées nationaux] of a leaf of a 6th century
ivory diptych, in which variations in the extent of the relief are made apparent by the presence
or absence of cast shadows.

3.3.2:  Shape from shading

The importance of shading as a source of information about surface shape in two-
dimensional images is undeniable.  Figure 3.10 illustrates an example of a stone relief in which
shading is the only available cue to shape and depth.  The importance of shading has been
repeatedly demonstrated in the computer graphics literature, where considerable effort continues
to be devoted to the problem of formulating the equations defining the illumination so that the
subjectively most important characteristics of realistic lighting can be effectively and efficiently
portrayed in computer-generated images.

In practice, the distribution of incident light reflected from the surface of an object and
visible from a particular viewpoint will depend on a number of factors including the direction of
view, the material properties of the object (whether the surface is smooth or rough, and in what
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Figure 3.10:  A photograph [Réunion des musées nationaux] of an 18th century stone
relief [Clodion 1782] in which shading is the only available cue to shape.

various proportions it absorbs, transmits or reflects incident light) and the intensity, position
(near or far) and direction of the light source(s), both primary and secondary.  Because so many
different variables combine in so many different ways to affect the pattern of illumination on
objects that we see, interpreting shape from patterns of shading can get very complicated.

A great deal of effort has been invested by the computer vision community in coming up
with algorithms to compute shape information from patterns of shading [cf. Horn and Brooks
1989].  Computational shape-from-shading methods typically solve for the direction of the
surface normal at any given point on an object by “inverting” the illumination equation, relying
on a combination of simplifying assumptions about the nature of the surface and the source of
the illumination to constrain the possible set of solutions.  The human visual system does not
appear to “solve” the shape-from-shading problem in this way, however [Mingolla and Todd
1986].  Although simpler shading models are undeniably easier to deal with computationally, it
doesn’t necessarily follow from this that surface shape and depth are communicated “more
clearly” under these restricted conditions, and there is little evidence to support the idea that the
visual system assumes Lambertian shading.  On the contrary, empirical and experimental
evidence both seem to indicate that surface shape and depth may be communicated more
effectively as the “complexity” of the shading model increases.  In particular, the perception of
shape from shading seems to be helped, if anything, rather than hindered by the representation
of specular highlights.

Todd and Mingolla [1983] have found that the accuracy of observers’ judgments of the
curvature of cylindrical patches increases when specular highlights are incorporated into the
shading model;  in their experiments, curvature was significantly underestimated for all stimuli
when shading was the only shape cue provided, but the severity of the underestimation was
slightly less in the specular than in the diffuse cases.  Mingolla and Todd [1986] have found that
observers’ judgments of local surface orientation are slightly better at points on elongated
ellipsoidal surfaces where the specular component of illumination is relatively higher, although
overall performance, measured in terms of orientation judgments across the entire surface, does
not seem to be affected in a significant way by either the presence or absence of specular
highlights.

Blake and Bülthoff [1991] have shown that human observers are able to disambiguate
convex from concave surface shapes on the basis of the apparent location in depth of the specular
highlight under conditions of stereo viewing.  The surface depth indicated by stereo was flat for
the stimuli in these experiments, and diffuse shading provided an ambiguous cue to surface
shape.  Figure 3.11 demonstrates why a specular highlight will seem to float in front of a concave
surface and behind a convex one; it can appear either in front of or behind a hyperbolic surface,
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depending on the viewing geometry and surface orientation.  Zisserman et al. [1989] show how
shape information can be derived, computationally, from the patterns of motion, in response to
viewpoint, of specular highlights on surfaces in two-dimensional images. Specular highlights will
move relatively more slowly over a surface when the viewing direction changes if the surface is
highly curved at the location where the specularity falls, and the direction of motion of a specular
highlight will either follow the direction of motion of the observer, if the surface is convex, or
oppose it, if the surface is concave.  Although the separation in depth of specular highlights from
the underlying surface may be useful for providing shape information, the fact that the specular
highlights are not actually attached to the surface may make them potentially misleading as
indicators of depth.

Figure 3.11:  A diagram explaining why specular highlights are not, in general,
perceived as lying on a curved surface but as floating in space either in front or in back of it.

While cast shadows have been shown to be useful for disambiguating the position of an
object relative to an underlying ground plane, the role of self-shadows in shape perception has
not, as far as I can tell, been specifically investigated — possibly because the kinds of surfaces on
which self-shadows occur with great frequency are generally more complex than the typical
stimuli examined in psychophysical experiments.  I speculate that there would turn out to be no
particular perceptual advantage to not representing self-shadows when and where they are
indicated.  The real question of interest is how much of a difference it would make to take the
trouble to represent them;  this would have to be measured in the context of the goals of the
particular presentation.

The role of secondary illumination, and in particular diffuse interreflections, is another
topic that seems to have been largely ignored in discussions of how we perceive shape and depth
from patterns of shading.  Although diffuse interreflections might seem irrelevant to our
perception of the local shape of an individual object, there are enough striking examples in the
computer graphics literature of the differences in the appearances of complex scenes rendered
with and without radiosity to at least raise questions about the prudence of dismissing this
shading effect offhand.  Figure 3.12 [Goral et al. 1984] illustrates one such example, for a very
simple geometrical scene.  In this case, the progressive darkening of surfaces towards the inner
recess of the cube and along the diagonal lines where adjacent edges meet seems to be a very
important cue, to both the concave nature of the configuration and the depth extent of the figure.
Forsyth and Zisserman [1990] show that a significant amount of the irradiance measured on a
surface may be due to mutual illumination, particularly when the surface is concave.  Citing the
seemingly intractable relationship between surface shape and irradiance in general, they propose
that discontinuities in the distribution of irradiance may be more effective cues to shape than
patterns of smoothly changing irradiance.
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Figure 3.12:  An illustration, from [Goral et al. 1984], of the radiosity algorithm they
proposed for modeling the interaction of light between diffuse surfaces.  Upper left: flat
shading.  Upper right: after radiosity calculations using 49 patches.  Lower right: after linear
interpolation across the 49 patches.  Lower left: a photograph of the simulated environment.

Various techniques for using light to convey three-dimensional surfaces to their best
advantage have been described by artists over the centuries, in particular the admonition to
avoid lighting peoples’ faces from below.  Koenderink and van Doorn [1980] note that veridical
shape perception may be easier in some light fields than others and that forms tend to appear
particularly flat when the light field is isotropic (corresponding to illumination by a parallel light
source along the line of sight).  Johnston and Passmore [1994] specifically examined how
observers’ judgments of surface shape were affected by the direction of illumination and found
that curvature discrimination tended to be more accurate under conditions of oblique lighting.
They also measured slant discrimination at vertical light source angles of 25˚, 45˚ and 65˚ and
found that observers’ judgments of the direction (left vs. right) of slant were more accurate when
the angle of illumination was closer to the line of sight.  Despite the fact that shape judgments
tend to vary in quality depending on the illumination direction, it is unclear to what extent
knowledge of the direction of illumination might aid the veridical perception of shape from
shading.  Erens et al. [1993] report that subjects were able to disambiguate convex from concave
surface patches in shape discrimination tasks when the direction of illumination was indicated by
cast shadows.  Mingolla and Todd [1986], however, found that observers’ ability to correctly
identify the direction of illumination from the pattern of shading across an ellipsoidal surface
was not correlated with the accuracy with which they were able to make judgments about the
local surface orientation and concluded that knowledge of the direction of illumination did not
appear to be a prerequisite for this task.

Although gradients of shading appear to be play an essential role in indicating the
existence of surface relief, there is considerable evidence that the human visual system uses
shading as a secondary rather than primary source of information about shape — that shading,
on its own, is a rather weak cue to surface shape.
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Erens et al. [1993] present both theoretical and experimental evidence of substantial
inherent ambiguities in the task of inferring shape from patterns of shading, describing how
observers cannot (and have no basis for being able to) distinguish between convex, concave, and
hyperbolic (saddle-shaped) surface patches when the direction of illumination is unknown, and
that they cannot distinguish between elliptic and hyperbolic shapes on the basis of their shading
even when the illumination direction is indicated by cast shadows.

This phenomenon of “depth inversion”, or the tendency of convex surface features to
appear to be concave and vice versa, has been studied extensively, and several different
explanations for this illusion have been offered.  Yonas et al. [1979] and Howard et al. [1990] have
demonstrated that, in the absence of indications to the contrary, people tend to presume that
surfaces are lighted from “above”, where “above” means “from the top of the head” rather than
“towards the ground”.  Reichel and Todd [1990] show that for surfaces that resemble height
functions on a slanted plane, convex/concave reversals are perhaps better described by a
preference by observers to perceive a surface as receding in depth towards the top rather than the
bottom of the image, or a preference for “ground” as opposed to “ceiling” surfaces.  This effect is
illustrated in figure 3.13, in which a photograph of a crater, illuminated from above the surface
but below the line of sight, is shown in both its original and upside-down orientations.  Both
Gregory [1970] and Ramachandran [1988] have demonstrated that depth inversion can also be
attributed, in some cases, to a preference for perceiving a familiar object in its convex form, even
when cues from perspective or motion or the direction of illumination contradict this
interpretation.  This “inversion” phenomenon has been noted for centuries.  Both Wheatstone
[1838] and Brewster [1826] remark on the phenomenon and cite reports of it dating from the mid-
1700’s, and von Helmholtz [1925] specifically discusses the mask illusion.  I have verified this
illusion for myself by viewing a child’s plastic lion mask from the back side and found the depth
inversion to be very robust, destroyed only when the second eye is opened or the mask is turned
so that the snout becomes occluded.  The contradictory cues from the reversed velocity gradients
of points at different depths make the face appear to “swim” unsteadily and to follow you as you
move your head so that you are aware that something is “not right” about the object, but these
factors aren’t sufficient to overcome the bias toward perceiving the known object in its familiar
form.

Figure 3.13:  A photograph illustrating the so-called "crater illusion", in which
concavities are perceived as convexities when the image is rotated by 180°.  This particular
picture, excerpted from a NASA photograph printed in [Krisciunas and Yenne 1989], shows
Hershel Crater (on the moon).

Even when the shape category (such as convex or cylindrical) is known, psychophysical
studies [Todd and Mingolla 1983, Mingolla and Todd 1986, Bülthoff and Mallot 1988] have
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consistently shown that observers have great difficulty deriving accurate absolute estimates of
global surface curvature or local surface orientation from shading information.  Todd and
Mingolla [1983] found that observers underestimated the absolute curvature of cylindrical
surfaces by 53% when Lambertian shading provided the only cue to shape.  Bülthoff and Mallot
[1988] found that observers were able to perceive very little depth (measured using a stereo
probe) in images of ellipsoidal surfaces, oriented end-on, when shading was the only available
shape cue.  They also found that subjects were essentially unable to discriminate between
ellipsoids of varying eccentricities on the basis of the shading information alone.  Mingolla and
Todd [1986] reported a consistent tendency for observers to underestimate the amount by which
ellipsoidal surfaces of varying eccentricities were slanted out of the picture plane, with the result
that objects appeared to be flatter than they really were.

Although we do not appear to be able to estimate local surface shape or absolute surface
curvature very well solely on the basis of shading information, there is some evidence that people
are fairly good at making relative  judgments about the slants and curvatures of adjacent surface
patches.  Johnston and Passmore [1994] conducted experiments in which they varied first the
curvature and then the slant of a circular patch on the surface of a spherical object.  They found
that subjects were able to indicate with considerable accuracy whether the patch was more
curved or less curved than the surface upon which it sat in the first case, and whether it had been
rotated to the right or to the left in the second.  Johnston and Passmore also found that the pattern
of results seemed to suggest that observers were perceiving curvature directly and did not
estimate it as a local difference between the surface normals at two neighboring points.

De Vries et al. [1994] provide evidence that observers’ judgments of qualitative surface
shape, defined in terms of the shape index proposed by Koenderink (and illustrated in figure 3.14
[Koenderink 1990]) may be generally independent of curvature judgments.  Under conditions of
stereo viewing, the accuracy with which subjects in their experiments were able to determine the
surface shape category of a stimulus was not affected by the amount of curvature of the surface
or by the orientation of the surface relative to the line of sight.

Figure 3.14:  A diagram, from  [Koenderink 1990], representing the qualitative surface
shape categorization defined by his shape index.  This measure, which depends on the values
of the principal curvatures, is a function over the interval [-1, 1] in which concave and convex
umbilics map to the endpoints, a symmetric saddle maps to the midpoint, and concave and
convex cylinders map to the points -  

1
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The best explanation for how we are able to obtain a vivid and stable perception of three-
dimensional shape from patterns of shading in spite of the fact that we can’t make accurate
judgments of local surface orientation or even disambiguate the direction of the surface normal at
arbitrary interior points may be that our understanding of surface shape should perhaps be
thought of as an organization of space, a global rather than a local phenomenon, based on a
qualitative rather than a quantitative estimate of depth along the line of sight.
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Ramachandran [1988] provides numerous examples of the global rather than local nature
of our perception of shape from shading.  One of the most compelling is a stimulus in which a
row of circles, shaded to simulate either convex bumps illuminated from the right or concave
depressions illuminated from the left, is placed immediately above a second row of circles
shaded in the reverse orientation.  Although the perception of depth is inherently ambiguous in
this display, one row of circles will always appear convex while the other appears concave; if, by
force of will, one circle is made to reverse in depth, all of the other circles will simultaneously
reverse.  The display always appears to be illuminated by a single light, sometimes coming from
an opposite direction than earlier.

Figure 3.15:  Photographs of bronze sculptures in which surface shape is shown
through contours and shading,  [left: Réunion des musées nationaux, right: Frayling et al.
1992].  Left: a sculpture by Houdon [1790] in which both global and local form, by extension,
can be fairly readily understood from the patterns of (mostly specular) shading.  Right: a
sculpture by Boccioni [1913] in which, although the impression of relief is very vivid, the
global shape of the figure and the relative shapes of the local surface patches are much harder
to understand.  (It is difficult, for example, to determine whether the area enclosed in the black
rectangle is convex or concave, despite the boundary information and the possibility of
comparison with other surface regions.)

Koenderink and van Doorn [1980] introduce a theoretical foundation for interpreting the
structure of the illuminance distribution in terms of characteristics that are invariant with respect
to the direction of illumination.  Koenderink and van Doorn [1993] elaborate on this approach,
describing how on a generic Lambertian surface the illuminance distribution can be characterized
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by two types of critical points (where the gradient of the illuminance is zero): illuminance
maxima corresponding to generic surface points where the surface normal is aligned with the
direction of illumination, and illuminance maxima, minima or inflections corresponding to
parabolic surface points where the direction of illumination is aligned within the plane of the
cylinder axis (the direction along which the principal curvature vanishes).  They describe how the
second category of points can be distinguished from the first by the fact that they cling to the
parabolic lines and trace a closed loop over the surface as the direction of illumination varies.
While differential geometers often describe surfaces in terms of the Gaussian curvature, it
remains to be seen what role perceiving the locations of parabolic lines has in human shape
understanding.  I will return to briefly discuss this issue in somewhat more detail in chapter four.

Koenderink and van Doorn [1995] note that observers tend to make fairly consistent
judgments about the direction of tilt (the directional component of surface orientation that lies in
the image plane) at selected points on images of shaded surfaces but that judgments of slant (the
angle of orientation of the surface away from the line of sight) tend to exhibit much more
variance, both between observers and in repeated measurements by a single observer, with the
result that final judgments of surface orientation appear to be (inconsistently) scaled by a highly
variable depth factor.  Koenderink and van Doorn  also found that while observers were able
relatively easily to judge the depth order of nearby points on a depicted surface, they could not
reliably judge the depth order of points in disparate parts of the image.  They conclude that our
understanding of surface relief is based on depth order relationships, a finding that was also
proposed by [Todd and Reichel 1989].

De Haan et al. [1995] describe an experiment in which they systematically investigated
the accuracy and stability with which a coherent surface definition could be obtained from a
series of local judgments of surface slant and tilt in monocularly viewed images, where shading
was the only readily available cue to shape and no information about the direction of
illumination was given.  They found that the consistency of the surface orientation judgments
was not significantly affected either by the overall amount of surface slant or the amount of
illumination contrast, which varied as a function of the inclination of the incident light (its angle
with the perpendicular to the image plane) but was strongly affected by the azimuth of the light
source (roughly corresponding to a point within the image plane).  Most importantly, although
the shading patterns they used did not unambiguously define a unique surface shape under these
experimental conditions, de Haan et al. found, through an analysis of the curl of the perceived
depth gradient, that the reported surface normals, while often varying significantly from the
veridical direction, were nonetheless consistent with the perception of some continuous
underlying surface.  They report that a meaningful and stable surface shape was arrived at,
despite all of the various inaccuracies in local orientation judgments.  De Haan et al. interpret this
fact to be an indication that the human visual system is able to resolve the  ambiguities inherent
in determining shape from shading in a consistent manner, most likely by relying on a set of
assumptions about such things as the direction of illumination (overhead or from the right), the
global direction of slant of the surface (with depth increasing in the upward direction), or the
orientation of the surface with respect to the line of sight (perceiving it as more closely aligned
with the image plane, having less total slant).

Effectively representing the shapes of transparent surfaces (without resorting to methods
that rely on distortion of the background due to refraction of the light rays) is complicated by the
fact that these surfaces in practice do not exhibit Lambertian shading properties.  The only source
of shape from shading information that we have in this case comes from the specular highlights.
The paucity of the shape information available in a photograph of a transparent surface (which
will be demonstrated in chapter four) provides an additional empirical example of the
importance of the role of illuminance gradients in communicating shape and depth.
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3.4:  Binocular disparity (stereo)

When we look at a particular point in space with both of our eyes (which is the normal
case in vision), the views perceived by each individually eye will be slightly different, because of
their spatial separation in the head.  The focal point will fall on corresponding locations in the
retinal images of each eye, as will all other points that are equidistant from the viewpoint
(defining a plane, called the horopter, of points in space that have zero retinal disparity in that
view), but points that are closer or farther from the viewpoint than the fixation point will be
mapped onto disparate locations in the two retinal images.  Objects that are closer to the
viewpoint (in front of the horopter) are seen in crossed disparity, while objects that are farther
away are seen in uncrossed disparity.  Our visual system is able to interpret the relative depths
between two points in space from the amount of retinal disparity in their projections to each eye
and to determine the depth order of these points from the sign (crossed or uncrossed) of this
disparity.  Exactly how the two flat views are united in the brain to yield a unified perception of
three-dimensional space has been a topic of considerable investigation [Poggio and Poggio 1984,
Julesz 1986], which I don’t have the space here to describe.  While about 5% of the population
cannot perceive depth from binocular disparity [Coutant and Westheimer 1993], for the majority
of the population it is one of the most phenomenologically important and perceptually acute
sources of depth information.

Wheatstone [1838], although perhaps not the first to recognize that each eye sees a
slightly different view of the world, appears to have been the first to recognize its significance for
the perception of depth.  He was also the first to demonstrate, with the invention of the
stereoscope, that viewers could achieve a vivid three-dimensional perception of an object that
was depicted by a pair of appropriately drafted flat drawings.  (Of historical note, Wade [1983]
discusses, at great length, the controversy between Brewster and Wheatstone over the right to
claim precedence of the invention of the stereoscope and the recognition of the phenomenon of
stereoscopic vision and explains the origins of some erroneous reports, e.g., by Kaufman [1974],
that cast doubt upon the originality of Wheastone’s ideas.)

Many of the earliest theories of binocular vision operated on the assumption that
stereopsis was a higher-level visual process that depended on the pairwise matching of specific
features recognized separately in each of the retinal images.  Julesz, however, introduced the
concept of the random dot stereogram, illustrated in figure 3.16 (and whose phenomenal
characteristics are described in great detail in [Julesz 1964]), to demonstrate that an integrated

Figure 3.16:  A random dot stereogram, after [Julesz 1964], represented in uncrossed
disparity.  When the image on the left is fused with the image in the middle, a central square
will appear to come forward in depth.  The rightmost square illustrates the process used to
generate this stereogram — the outlined part of the left eye image is displaced to the right in
the view to the right eye and the "uncovered" pixels randomly filled in.  Perceived depth will
be proportional to the magnitude of the displacement.
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perception of three-dimensional form can be achieved even when no feature information is
immediately accessible in either of the images individually.  This should not be taken as an
indication that edges are not useful for stereopsis but only as an illustration of the fact that stereo
perception does not depend on a prior understanding of monocular form.  Saye and Frisby [1975]
have shown, however, that the perception of images in random dot stereograms is facilitated
when monocularly conspicuous features are present, possibly because they provide more
immediate feedback to guide vergence adjustments.

While it might seem that some discontinuity information, even if fragmented into pixel-
sized regions, would be needed to recover disparity, Bülthoff and Mallot [1988] have shown that
depth, albeit of diminished extent, can be perceived in stereoscopic displays of smoothly curved
surfaces over which the intensity gradually varies but in which no edge information, in terms of
zero-crossings of the Lapacian, is anywhere available.  (This is of interest to us because we will be
using stereo in chapter six to display smoothly curving surfaces and want to be sure that there is
a basis for assuming that local depth information will be effectively conveyed.)  Bülthoff and
Mallot verified the additional contribution of the stereo information in these experiments by
comparing the local surface orientation judgments obtained using a probe in the disparate case
with the local surface orientation judgments obtained when identical views of the object were
displayed to each eye.  Unfortunately an inherent feature of this paradigm is that, because
binocular vision of identical images is used for the nondisparate case rather than monocular
vision of a single image, an additional, contradictory cue to flatness is introduced by this process.
It is likely that greater depth would be perceived in the monocular case without this conflicting
cue, and it would be interesting to compare the results of monocularly viewed stimuli to the
results obtained with the binocularly viewed disparate and nondisparate images.  Rogers and
Collett [1989] did exactly this for images in which depth was indicated by motion parallax and
found that when zero retinal disparity was binocularly indicated, perceived depth decreased
dramatically from the levels judged under conditions of monocular viewing.

Although I will talk more in a later section about the relationships between the various
depth cues, the fact that there is a relationship between convergence and binocular disparity
needs to be stressed here.  When generating stereo images, and in particular when measuring the
perceived depth of surfaces depicted in them, one needs to take precautions to avoid unwittingly
placing any of the kinesthetic cues of stereopsis, convergence or accommodation in conflict with
each other.  Buckley and Frisby [1993] found, for example, in an experiment investigating the
interaction between stereo, texture and outline cues to depth, that qualitatively different results
were achieved when actual physical objects were substituted for the computer-generated stimuli,
and they attributed at least some of the cause of these differences to the inherent conflict, in the
computer-simulated images, between the depths indicated by binocular disparity and the long-
discounted cue of accommodation.  Accommodation may be a meaningful cue to the flatness of
the screen in many situations in which the viewing distance is relatively close.  Also of interest,
Wallach and Zuckerman [1963] have shown that the amount of depth perceived from a fixed
amount of binocular disparity in a displayed pair of images will vary as the viewing distance
(and the corresponding vergence angle) is changed.  Johnston [1991] investigated how the
veridicality of perceived depth in stereo images might be influenced by the viewing distance in
experiments in which appropriate vergence parameters are maintained for all stimuli.  She found
that estimated depth, derived from judgments of the apparent circularity of cylindrical surfaces
displayed in random dot stereograms, was most veridical at a viewing distance of about 1m,
systematically underestimated when the viewing distance was greater and overestimated when it
was less.  Johnston concludes that incorrect egocentric estimates of viewing distance cause the
binocular disparities to be incorrectly scaled and that perceived shape was distorted as a result.
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3.5:  Depth from motion

As we move about, our view of the world is constantly changing.  The eye, in fact, only
“sees” well when the view is continuously updated or refreshed, although we normally don’t
notice the tiny tremors or microsaccades that prevent images from being stabilized on our retina.
While eye movements alone only change the visual field by a rigid rotation [Koenderink 1986]
and do not provide any information about depth, the changes in the visual field (or “optic flow”)
resulting from translations of the viewpoint supply the visual system with a “cue” to depth that
is nearly as powerful as stereo vision.

3.5.1:  Motion parallax

The idea that changes in retinal stimulation due to observer or object movement are
capable of inducing a vivid impression of depth in three dimensions was formally put forward
nearly a century ago [von Helmholtz 1925] and was undoubtedly appreciated by many people
well before then.  The significance of this observation and in particular the notion that motion
parallax information alone was sufficient for conveying a robust impression depth, independent
of all other cues, was stressed by Rogers and Graham [1979] who demonstrated, using a
paradigm similar to the Julesz random dot stereogram, that observers could perceive form from
motion in situations where no stationary cues to depth were available.  In these experiments,
Rogers and Graham mounted the observer and the oscilloscope on separate movable platforms
and continuously updated the image in correspondence with the changes in the locations of
either the represented object or the viewpoint so that the appearance of the dot patterns was
always consistent with a stationary three-dimensional surface attached to the face of the display
device.  Although in the absence of movement the dots appeared to represent nothing more than
a two-dimensional pattern on the screen, when the motion cue was added observers consistently
reported a strong impression of viewing a three-dimensional surface and were able to describe
the qualitative surface shape without error.  Rogers and Graham measured the accuracy with
which subjects were able to judge surface depth in these displays, under conditions of active and
passive motion, by asking subjects to match the depth, indicated by disparity, on a second device,
of a stereo probe to the perceived depth of the surface represented on the oscilloscope.  In
addition to verifying that the amount of perceived depth increased with the extent of the motion
(as was expected), they found that observers consistently perceived more depth in the situations
where they moved their head than in the situations where the experimenter moved the display
device.

Motion parallax, or the sensation of depth that our visual system derives from the
changing information in the optic array, appears to function in a very similar manner to
stereopsis; the two sources of depth information are, in a sense, geometrically comparable, and a
brief description of the phenomenon helps make this more clear.  When we fixate on a point in
space and then move our head (for example by a translation to the right), objects that are farther
away from us than the fixation point will move across the visual field in the same direction as our
head motion while objects that are closer to us than the fixation point will move in the opposing
direction, and the speed of an object’s motion will be proportional to its distance in depth from
the fixation point [Braunstein 1962].  In terms of the retinal image, while stereo depth perception
has its foundation in the correspondence of depth distances to binocular disparities, depth
perception from motion parallax comes about as a result of the displacements over time of the
locations of projected points on the retina of a single eye.  The similarities and differences
between these two methods for specifying depth have been examined by a number of
researchers.  Rogers and Graham [1982] demonstrated that the spatial frequency thresholds for
perceiving depth in random dot patterns are remarkably similar for depths specified by motion
parallax and depths specified by binocular disparity.  They remarked that the similarity of the
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sensitivities of these two methods seemed to support the hypothesis that there was a close
relationship between them.  Nawrot and Blake [1991] cite and supplement (through cross-
adaptation experiments) evidence that our visual system may process stereo and motion parallax
information, if not in a combined fashion, at least through the same neural mechanisms.
Richards [1975] also cites studies that indicate some dependencies between these two cues but
says that the processing of depth from motion parallax information appears to follow and
possibly depend on the indication of depth by stereopsis.  Braunstein et al. [1986], however, found
that six subjects who could perceive no stereoscopic depth in static displays were able to make
correct judgments of depth order in 90% of the experimental trials after motion cues to depth
were added.  More recently, Tittle et al. [1995] have shown that observer’s judgments of three-
dimensional shape due to stereo and motion parallax cues appear to be systematically distorted,
and in different ways.  While the direction and extent to which observers in their experiments
misjudged shape from stereo was dependent on the viewing distance, the veridicality of
observers’ judgments of shape from motion decreased with increasing slant of the object away
from the frontoparallel plane, indicating that there are some limits to the similarities between
these two sources of depth information.  Although some researchers have described stereo and
motion parallax as providing “redundant” information [Sekuler and Blake 1994], I believe it
would be a mistake to interpret this as meaning that both cannot be more useful together than
either one is separately.

3.5.2:  Kinetic depth effect

Much of the research in depth perception from motion has been based on experiments in
which the observer is stationary and the object rotates in depth (the scaling and perspective
effects of translations in depth have been discussed earlier in this section, in the context of
pictorial depth cues).  In this situation the cue is usually referred to as the “kinetic depth effect”.
Wallach and O’Connell [1953] performed a series of experiments to attempt to define the
conditions under which observers would perceive a three-dimensional object rigidly rotating in
depth when the stimulus consisted only of a two-dimensional silhouette (parallel shadow
projection) changing in shape on a flat plane, and found that this perception seemed to depend
on the property that both the lengths and orientations of the two-dimensional shadow projections
changed.  Further investigations, described in [Braunstein 1976], revealed that if all cues to
flatness were eliminated from the experimental setup, there appeared to be no particular
restrictions on what kinds of motion in the plane could be interpreted as motion in depth.  When
cues to flatness were present, the characteristics of motion most conducive to a perception of
depth were simultaneous changes in both length and orientation, as indicated by Wallach and
O’Connell, and indications of perspective (converging horizontal disparities, compressed vertical
disparities).  Braunstein also reports that the propensity of subjects to perceive depth in
computer-generated kinetic displays, where the surfaces are represented by a collection of
discrete elements (such as lines or dots), does not seem to be strongly related to whether or not
the observers perceive a rigidly rotating object.  Ramachandran et al. [1988] found that visual
system will readily abandon a “rigidity” assumption in favor of an interpretation in which the
depth at any point is indicated by the velocities of the discrete elements.  Most of the experiments
investigating kinetic depth effects are based on stimuli that represent objects rotating about a
vertical axis in the display screen.  Green [1961] specifically examined the effect of changing the
axis of rotation and found that, for surfaces indicated by dots, while the perception of a coherent
object was strongest when rotation was depicted about this vertical axis, and worst for rotation
about an oblique axis or tumbling about an axis whose orientation continuously changed, there
was not much difference in the amount of depth perceived under these different conditions.
While Wallach and O’Connell were able to demonstrate a perception of depth-from-motion based
on a parallel projection from 3D to 2D, Gibson and Gibson [1957], in similar investigations,
stressed the importance of using a perspective transformation.  Braunstein [1966] systematically
examined the effects of using a parallel rather than a perspective projection to represent the
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surface that was rotating in depth.  He found that when a parallel projection was used, observers
were unable to disambiguate the direction of rotation and unable to perceive depth from rigid
translations of the target across the field of view, although they were easily able to achieve both
of these impressions when a perspective projection was used.  He also found that subjects
reported a stronger impression of depth when stimuli were generated using a perspective rather
than a parallel projection and that the strength of this depth impression increased even further
when the perspective was “forced”.

3.5.3:  Optic flow

Gibson [1950a] proposed a theory of visual perception from motion based on “motion
perspective” (or “optic flow”), a continuous gradient of the deformation of the optic array due to
movement by the observer.  Koenderink and van Doorn [1976] described how the motion
parallax field (caused by movement of observer relative to a surface) can be understood in terms
of four elementary fields representing different types of affine transformations: curl (rigid
rotation component), divergence (isotropic expansion and compression component), and
deformation (pure shear component), along with simple translation.  Koenderink [1986] later
expanded on this analysis and discussed how the visual system might use optic flow information
in the recognition of three-dimensional shape.

3.5.4:  Active versus passive viewing

A number of researchers [Rogers and Graham 1979, Lipscomb 1981, van Damme 1994,
Durgin et al. 1995] have offered evidence that the perception of depth from motion is facilitated
more by active movements of the observer than by passively viewed movements of the scene.
How much better is the spatial understanding that we get from active, as opposed to passive,
movements, or from head movements as opposed to object movements, when the object is under
interactive control?  As far as I can tell, many of the experiments defined passive motion as
motion not controlled by the observer.  In these cases a number of other potentially complicating
factors can arise such as uncertainty about the direction or extent of the object rotation, etc. that
should really be dealt with separately if one is interested primarily in determining the advantages
of vestibular information.  There are other tradeoffs between head motion and interactive object
manipulation to consider as well that will depend on the scale of the object and its distance from
the observer.  If one is regarding a sculpture in a museum, walking around it to get a better view
makes perfect sense; if one is choosing a figurine from a craft shop, picking it up and turning it
around is probably the most effective way to inspect it.  The question is, by how much, in what
ways, and under what conditions can we expect to enhance the veridical perception of three-
dimensional space by allowing unrestricted observer movement within a fully represented
virtual environment?  With the recent technological advances in the development of low latency
head-tracking devices and high-speed, high quality graphics engines, it is becoming both more
important and more feasible to perform these kinds of studies.

3.5.5:  Stereokinetic depth

The stereokinetic depth effect, usually regarded as a “depth illusion”, was first
recognized by Musatti (1924), who demonstrated that certain two-dimensional patterns, when
rotated in the image plane, are capable of evoking a compelling impression of depth.  Figure 3.17
provides an example of the type of pattern that is typically used to demonstrate stereokinetic
depth.  Under optimal conditions, the rotational motion of the circles isn’t seen, only their
shifting relative positions.  Proffitt et al. [1992] show that it is this translational motion that
stimulates the perception of depth, and demonstrate that a stereokinetic depth impression can be
evoked from stimuli in which explicit evidence of an absence of rotation is provided.  They assert
that the kinetic depth effect can be decomposed into two transformations: one indicating the
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depth relationships between points on a surface (depth order) and the other indicating the
orientations of the surfaces relative to the observer (depth magnitude), and characterize the
stereokinetic depth effect as conveying information of the first kind but not the second.  Despite
the inherent ambiguity of both depth magnitude and direction in a stereokinetic display, Proffitt
et al. reported highly consistent inter-observer judgments of the amount of apparent depth
represented.

Figure 3.17:  An sequence of frames illustrating the type of stimulus than can evoke a
stereokinetic impression of depth.

3.5.6:  Flicker

Although it is difficult to imagine how flicker could be of practical use as a device for
enhancing appreciation of the relative depths of objects in a three-dimensional scene, it bears at
least mentioning that Wong and Weisstein [1984] reported finding that when selected regions of a
random dot field were flickered, the nonflickering regions appeared to segregate from them and
come forward in depth and that the optimal temporal frequency for inducing this separation was
6Hz [Wong and Weisstein 1985].  I am unable to think of any experiential manifestation of this
particular “depth cue”.  Although one can easily imagine that during normal vision and
locomotion it would be relatively more likely for various areas of the “background” to be
alternately visible and then occluded than areas of the foreground, the vastly greater flicker
frequency at which this depth segregation was experimentally observed seems to preclude any
connection between these two phenomena.

3.6:  The integration of depth cues

The whole issue of whether depth cues should be regarded as “learned” or “inherent”,
whether visual perception in general would be better described as a prediction based on past
experience [Ittelson and Kilpatrick 1952] or as a direct, unmediated response to retinal
stimulation [Gibson 1950b], seems to have been a topic of some debate in years past, and there
are important implications in each of these models.  For every example of an illusive perception
that is not destroyed when its illusory nature is understood, there is another example of a
perception that can be alternated “at will”.  Nakayama and Shimojo [1992] have recently
proposed a theory of visual perception (“inverse ecological optics”) that integrates elements of
both schools of thought, emphasizing the importance of the role of learning, but in a bottom-up
sense.

Nakayama and Shimojo [1992] demonstrate that our interpretation of the three-
dimensional structure of the scene represented in any single two-dimensional image (or
binocular pair of images) appears to operate from a built-in assumption that the viewpoint is
generic.  We should not take this assumption of a generic viewpoint to mean, however, that the
shapes of objects are necessarily more accurately perceived when they are viewed from an
oblique angle.  Perrett and Harries [1988] found that when viewing unfamiliar, irregular objects
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with the goal of remembering their shape, observers tend to show a striking amount of similarity
in their preferred “characteristic views” and that these views seem to be defined on the basis of
gross contour dimensions rather than specific contour singularities.  Mingolla and Todd [1986]
found that observers seemed to have a distinct bias toward perceiving objects in images
displayed on a computer monitor to be more axially aligned with the display screen than they
actually were and that they seemed to make errors in their judgments of surface slant and tilt
because of this predisposition to assume a “characteristic view”.

While it can be argued, for our purposes, that it is not as necessary to know how or why
the various depth cues function as it is to understand their relative potential for communicating
shape and depth in computer-generated images, the importance of having a basic understanding
of both the underlying principles and psychophysical evidence for each of the depth cues cannot
be discounted.  In nearly all respects, coming up with a set of principles that define “optimal”
modeling or rendering techniques for representing shape and depth so that they can be most
accurately perceived turns out to be more complex than it seems at first glance, a conclusion that
was reached by Wanger et al. [1992] in a similar investigation.

The question of how the visual system integrates the depth information provided by all
of the various available sources to arrive at a single, stable perception of three-dimensionality is
far from having been satisfactorily answered.  Most of what is currently believed about the
relative importance of the various cues to depth has been teased out of the results of experiments
based on cue-conflict paradigms, in which stimuli are artificially manipulated so that the depth
indicated by one cue contradicts the depth indicated by another, and the assumption is made that
the dominating perception under these conditions will be determined by the relative “strengths”
of the opposing cues.  In the natural world, however, there are typically many different equally
valid sources of depth information available, and recent research [Young et al. 1993] suggests that
it might be wrong to assume that the strategies used to resolve strongly conflicting depth cues
would be necessarily indicative of the methods by which complementary depth information is
combined.  Bruno and Cutting [1988] conducted experiments in which depth information was
either provided or not indicated by each of four different pictorial depth cues: relative familiar
size, height in the image plane, occlusion, and motion parallax.  Although the depth information
specified by the cues was in many cases “redundant”, subjects always perceived more depth in
the displays in which more of the cues were present.  Bruno and Cutting concluded that the
information from the separate sources was being combined in an additive fashion, and as far as I
can tell, most subsequent research seems to confirm this mode of behavior under non-conflicting
conditions.  Johnston et al. [1993] review several different possible mechanisms by which the
visual system might derive a single estimate of depth from the information provided by all of the
available sources.  The first of these is called veto and corresponds to a situation in which strongly
conflicting information is by the different cues.  When vetoing occurs, the “stronger” cue simply
overrides the weak cue, and the perception of depth from both together is equivalent to the
perception of depth that would have come from the stronger cue alone.  In the experiments by
Bülthoff and Mallot [1988], for example, the depth information provided by the zero retinal
disparity cue seemed to veto the depth information (possibly) provided by shading, resulting in
the perception of a flat surface under those conditions.  The second and third possible
mechanisms for cue combination, whose definition they attribute to Clark and Yuille [1990], are
termed weak fusion and strong fusion.  In the weak fusion model, depth information is processed
separately by each “module” and the independently arrived at estimates are then combined in a
weighted linear fashion, while in the strong fusion model the depth cues interact in non-linear
ways with, for example, one cue providing disambiguating information that enables depth
information to then be derived from another.  Young et al. [1993] have more recently proposed,
and offered evidence consistent with, a “modified weak fusion” model in which the independent
depth estimates arrived at on the basis of each of the separate sources of depth information are
weighted, before being additively combined by an amount that reflects their “apparent
reliability” in the particular situation.
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An important concern, for our purposes, is knowing the extent to which we might
communicate depth information more effectively by incorporating as many different depth cues
as possible into the generation and display of our data.  Does the representation of additional
depth cues always help, or is the information provided by the various cues essentially redundant,
so that we can hope to gain little extra by representing them all?  Some of the depth cues
described earlier in this section (such as relative familiar size, occlusion and height in the image
plane) are actually direct reflections of the geometry of the scene and in that sense are difficult to
“get wrong” (unless, of course, we use a parallel rather than a perspective projection).  Others
involve modeling aspects (such as introducing straight lines to emphasize linear perspective cues
to depth, using overhead, oblique illumination to most effectively convey surface relief, modeling
aerial perspective by introducing “depth cueing” in which the luminance at any point is modified
according to depth, and so on).  Probably the most directly relevant study for this dissertation on
the issue of cue combination was done by Johnston et al. [1993], who examined whether the
perceived elongation in depth of a stereoscopically viewed surface could be improved if, instead
of being covered by a dot texture whose constant gradients were indicative of a fronto-parallel
plane, it was covered with a veridical texture that more accurately reflected the surface geometry.
Although the strength of the stereo cue was sufficient to provide a good indication of surface
depth when the texture cue was “absent”, Johnston et al. found that perceived depth increased in
all cases when the more geometrically appropriate texture was used (even when the depth
indicated by stereo already represented an overestimation of the actual depth).  The implications
for this dissertation are that even in the presence of other cues to depth it is reasonable to hope
that by adding texture to a transparent surface we can further improve the ability of observers to
accurately judge its shape and depth.  It is probably fair to say, based on the above indications
about how our visual system seems to process depth information, that we cannot “go wrong” by
representing shape and depth in as many ways as reasonably possible.  At some point, the
accuracy of the perceived depth will be such that there will be little room for improvement, but it
does not seem that we are in any present danger of reaching that point.

While the issues of the perception of shape and depth are fascinating, I now move to the
exploration of techniques for more effectively communicating the three-dimensional shape and
relative depth of a layered transparent surface.  Further information about the various depth cues
can be found in the references cited above, or in the following publications not directly cited:
Bruce and Green [1990], Parker et al. [1992], Bülthoff [1991].

3.7:  Shape and depth from texture

As a large, planar surface recedes in depth, the projected size (under perspective
projection) of any unit area of the surface will decrease isotropically with distance and
anisotropically with the inclination of the plane away from perpendicular to the viewing
direction.  If the surface is covered with markings (optical texture), it follows that the projected
shapes and sizes of these surface markings will vary as a function of their distance from the
viewpoint and the orientation of the plane.

Gibson [1950a, 1950b] was the first to stress the importance of the role of these texture
gradients in human visual perception.  He regarded the “terrain extending to the horizon” as the
“most fundamental surface” and consequently focused his attention on the gradients of texture
element size and spacing that seemed to characterize our perception of this ground plane.
Gibson hypothesized that distance was understood from the density of surface texture (using a
definition of density that incorporated both element size and inter-element spacing) and that the
amount of surface slant was understood from the rate of change of texture density, with the
direction of the surface slant specified by the direction of this density gradient.
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3.7.1:  Texture properties characterizing a large planar surface receding in depth

Gibson [1950a] conducted the first observer experiments aimed at exploring the role of
texture gradients in our perception of surface slant.  Gibson’s experiments used slides depicting
wallpaper patterns photographed from different vertical camera angles (ranging from 10˚–45˚),
which were back projected onto a large translucent screen and viewed monocularly through a
pair of holes arranged in depth so that such that the circumference of the closer hole (defining the
perimeter of the view) would be out of focus and the solid angle subtended by the view would
match the camera parameters.  Subjects were asked to adjust the slant of a tactually presented
board to match the apparent slant of the depicted surface.  Two different wallpaper patterns,
shown in figure 3.18 [Gibson 1950a], were used in these experiments, and Gibson notes that the
particular textures were chosen, with some care, to represent as nearly as possible the subjective
epitome of “regularity” and “irregularity”.  Gibson found that the judged slant increased, in a
fairly consistent manner, with increases in the actual slant, but that observers consistently
underestimated the amount of the actual slant, particularly in the case of the irregular texture
pattern.

Figure 3.18:  Stimuli used by Gibson [1950a] in experiments investigating the effects of
texture gradients on the perception of surface slant.

Gibson was able to show convincingly through these experiments that observers could
use the information contained in patterns of projected surface texture to interpret the slant of a
surface.  The particular characteristics of the patterns of optical texture that were primarily
responsible for this effect were not clearly identified, however, and much of the subsequent
research in shape and depth perception from patterns of surface texture conducted in the years
since these first experiments has been directed toward exploring this question.

Throughout this section, I will be describing, as briefly as possible, what I feel to be the
most important aspects of the various experimental designs in addition to reporting the authors’
conclusions because I believe that having an understanding of certain details of the experimental
method is crucial for knowing how to interpret the experimental results.  People have found, for
example, that in studies of slant perception where the edges of the ground plane were made
explicit, the effect on slant perception of these edges completely overwhelms any effects due to
the particular characteristics of the texture on the interior of the slant plane [cf. Braunstein 1976].
Also, although most studies found a significant underestimation of actual surface slant, the
amount of this regression towards the frontal plane was discovered to be dependent on, in
addition to surface texture, various experimental factors such as the field of view, and the size
and distance of the surface [Braunstein 1976].
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Noting that Gibson had reported obtaining better measurements of judged slant for
stimuli depicting a “regular” as opposed to “irregular” texture pattern, Flock and Moscatelli
[1964] conducted a carefully controlled experiment to help determine which particular aspects of
texture “regularity” might have been most responsible for this increased accuracy.  They took six
6-ft x 3-ft sheets of white cardboard and covered each of them with 288 small black shapes, either
square or “irregular” in shape, of either similar or differing sizes, and spaced either at the center
of each 3" x 3" region or at a random location within this grid cell, as shown in figure 3.19.  The
planes were each variously arranged at 9 different slants ranging from -40˚ to +40˚.  Subjects
viewed the stimuli monocularly through an aperture that prevented them from seeing the edges
of the planes, and were asked to adjust the slant of a (monocularly viewed) palmboard to match
the perceived slant of the textured plane.  Flock and Moscatelli found that judged slant came
closest to veridical when all three of the texture parameters were regular, but that the slant was
still underestimated in this case (they computed a mean regression coefficient of .78 for this
stimulus; 1.0 represents maximal accuracy).  Slant judgments were least accurate for the stimuli
in which all three of the parameters were irregular (in which case the mean regression coefficient
was 0.53) but still significantly better than in the control case where the plane was untextured (the
mean regression coefficient in this case was 0.05).  They found intermediate levels of accuracy in
judged slant for the intermediate stimuli, in which some of the parameters were regular and
others irregular, although only the differences between the two extremes were at the level of
statistical significance.

Figure 3.19:  Stimuli used by Flock and Moscatelli [1964] to measure how various types
of pattern regularity in surface texture influence the accuracy of slant judgments.

Attneave and Olson [1966] were among the first to demonstrate the dominant role of
linear convergence cues in determining the effectiveness with which a texture pattern evoked a
perception of a receding surface.  They had observers make a forced-choice judgment, based on
subjective preference, about the direction (left/right) of apparent recession of the plane indicated
by various line patterns drawn in ink on 9-in x 12-in cards, viewed (presumably binocularly and
without actual slant) from a distance of 5 ft.  Stimuli in which the transverse set of grid lines
radially converged, regardless of the latitudinal spacings of the verticals, were consistently and
effortlessly judged to represent a plane receding in the direction indicated by the linear
convergence, as was the stimulus in which randomly distributed line segments of equal length
were similarly oriented in a radial pattern, as if converging toward a vanishing point off to the
left or right of the image.  The other stimuli, in which line segments of gradually decreasing
length were uniformly oriented in either a horizontal or vertical direction, were judged to be
much less effective, despite the clear gradient of line segment length.
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Figure 3.20:  Stimuli used by Attneave and Olson [1966] to demonstrate the
effectiveness of linear convergence as a cue to the direction of recession of a planar surface.
The numbers of leftward and rightward slanting judgments recorded for each of these stimuli
are specified below the corresponding patterns, with the forced choices (where subjects
balked at giving a response because they thought the pattern looked essentially flat) indicated
in parentheses

Braunstein and Payne [1969] confirmed the dominant role of perspective convergence
over vertical compression, sometimes referred to as “foreshortening” [Gillam 1970], in
influencing judgments of the relative slant of planar surfaces rotated about a horizontal axis.
Subjects viewed pairs of projected images, representing surfaces slanted at five different angles
from 0˚ – 65˚, from a distance of 25.4cm through apertures that both restricted the field of view of
each eye and allowed each eye to see only one of the two images of the pair.  Sample stimuli are
illustrated in figure 3.21.  Subjects were asked to make a 2-alternative, forced-choice decision
about which of the two surfaces appeared to be more slanted in depth.  Braunstein and Payne
also found no significant differences in the responses when dot instead of line patterns were
used, as long as the dots were placed at the locations where the grid lines would have intersected.
However, subjects’ ability to make accurate judgments about relative slant decreased
considerably when, prior to the rotation in depth, the dots were placed at random locations on
the plane instead of being horizontally and vertically aligned.  Their estimate of the total amount
of slant portrayed decreased considerably in this case as well.  In the random dot images, linear
convergence cues were not directly available, and depth could only be inferred from the relative
“density” of element spacing (with elements being rather more tightly spaced with proximity
toward the vanishing point of the perspective projection).

Phillips [1970] also found that gradients of texture “density”, defined in terms of inter-
element spacing only and not element size, were fairly poor indicators of the degree of surface
slant.  Subjects in his experiments judged the relative slant of computer-simulated surfaces
textured with randomly distributed circles in which the inter-element spacing was manipulated
separately from the element size and compression.  Phillips concluded, from the results of these
experiments, that subjects were basing their judgments of surface slant almost entirely on the
relative sizes and shapes of the individual ellipses, paying relatively little attention to the pattern
of distribution of the ellipses across the plane.

The last of the surface slant experiments I will describe were conducted by Cutting and
Millard [1984].  These experiments were preference studies, designed to gain insight into the
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Figure 3.21:  Stimuli used by Braunstein and Payne [1969] in experiments comparing
the relative effects on slant judgments of “form ratio” (the relative ratio of vertical height to
horizontal width) and “perspective projection” gradients.  Steeper gradients of form ratio are
manifested in faster vertical compression; steeper gradients of perspective are manifested in a
sharper angle of linear convergence.  These studies confirmed a dominant effect of linear
convergence cues in slant perception.

kinds of texture characteristics most important for evoking a subjective, pictorial impression of a
receding flat plane.  Images were displayed in pairs (side-by-side, separated by a single vertical
line) on a computer monitor in a moderately lit room and viewed, apparently binocularly, from
what seems to have been a distance of about 1.7m.  For the first set of stimuli, shown in figure
3.22a, observers were asked to make preference judgments about which looked more like a flat
surface receding into the distance. Observers were also shown the stimuli of figure 3.22b and
asked to make similar judgments about which looked more like a curved surface receding into
the distance.  In addition to making a 2-alternative forced choice response for each pair of images,
subjects were asked to rate, an a scale from 1–9, the amount by which they felt the preferred
stimulus better conveyed the desired impression.  Responses were also obtained for sets of
stimuli in which irregularly shaped octagons were used instead of circles.  Analyzing the results,
Cutting and Millard concluded that the “perspective” (size) gradient played the largest role in
evoking an impression of a flat surface receding in depth, with a smaller but still significant role
played by the “density” (spacing) gradient, and that the “compression” (shape) gradient was the
only gradient capable of evoking an impression of a curved surface receding in depth.  The
original shape (circular or irregularly octagonal) of the elements had no measurable effect on the
responses in either case.  Although I am not convinced, from looking at the stimuli, that the so-
called “density” gradient did not also communicate linear convergence in the case of the flat
surfaces (because of the overall trapezoidal shape of the element distribution due to the
progressive clustering, with depth, about the midline), the main contribution of these
experiments is their clear demonstration that the texture characteristics most useful for conveying
information about a receding plane can be significantly different from texture characteristics most
useful for conveying information about a curved surface.
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Figure 3.22a:  Representation of some of the stimuli used by Cutting and Millard [1984]
in experiments designed to reveal the relative contributions of “perspective” (manifested in
terms of element size), “density” (manifested in terms of inter-element spacing, with a
tendency for elements to bunch up more towards the center and away from the sides as depth
distance  increases), and “compression” (manifested as deformation of element shape, in this
case from circular to elliptical) cues in evoking a subjective impression of a flat surface
receding in depth.

Figure 3.22b:  Representation of some of the stimuli used by Cutting and Millard
[1984] to examine the relative weights of “perspective” (size), “density” (spacing) and
“compression” (shape) cues in evoking a subjective impression of a smoothly curving, convex
surface receding in depth.

Although absolute slant is consistently found to be underestimated, judgments of relative
slant have been shown to be fairly accurate.  Stevens and Brookes [1987] demonstrated through a
series of experiments that observers were able with great precision to define the apparent slant,
indicated by the amount of foreshortening in the slant direction, of a circular probe to match the
apparent slant of a smoothly curving developable surface, represented by contour lines, in either
orthographic or perspective projection.

In summary, we have seen that texture gradients are useful for indicating the slant of a
planar surface, although absolute slant judgments tend to be underestimated.  More accurate
judgments of slant can be obtained for surfaces covered with one type of texture rather than
another, which indicates that if we want to communicate slant information, it makes a difference
which particular texture pattern we choose.  Attempts to differentiate between the various
texture characteristics have focused on estimating the relative contributions of the variables of
element size, inter-element spacing, element shape, and element orientation (insofar as it
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indicates linear convergence), which I will discuss below in roughly descending order of
importance.  The dominance of linear convergence cues (either explicit or implicit) was
demonstrated by Attneave and Olson [1966] and Braunstein and Payne [1969], and hinted at in
several of the other studies, including the one by Flock and Moscatelli [1964] in which linear
convergence cues are provided by the parallel edges of the square elements in textures 4-6 and by
the regular distribution of elements in texture 3, as can be seen in figure 3.19.  Although the
gradients of element size and inter-element spacing were regarded as together indicative of
texture “density” in Gibson’s pioneering work, later studies differentiated between the two and
indicated a much more important role for element size than inter-element spacing; random dot
textures, in which spacing is the only variable changing with depth, were shown to be particular
ineffective as indicators of surface slant.  Element shape, or the amount of compression in the
direction of slant, was also found to be a poor cue to surface slant in the studies by Cutting and
Millard [1984], Attneave and Olson [1966] and Braunstein and Payne [1969].  Phillips [1970]
found that shape and size together were more effective cues than spacing but did not assess the
individual roles of shape vs. size.  All of these studies assumed a perspective projection, and
Cutting and Millard [1984] argue strongly that perspective is a cue not to be lightly dispensed
with.

3.7.2:  Defining the dimensions of texture characteristics

There are many different ways of characterizing the properties that distinguish various
texture patterns, and although this may seem like a fairly intuitive or obvious process, some of
the work that has been done to attempt to define the ways in which people differentiate textures
bears brief mentioning.

In an attempt to identify the “higher-level” features that people use to characterize
different texture patterns (to probe the dimensions and parameters of “texture space”), Rao and
Lohse [1993] asked subjects to classify 30 pictures from Brodatz’s album on texture [Brodatz
1966].  Using a combination of statistical techniques (hierarchical cluster analysis and
nonparametric multidimensional scaling) they found that two dimensions, which they
subjectively characterize as representing “periodicity vs. irregularity” and “directionality vs.
nondirectionality” described 90% of the variability in the classifications of the two-dimensional
texture patterns, and that a third dimension, which they interpret as “structural complexity”,
accounted for an additional 6% of the variability.

Similarly, Ware and Knight [1992], who were concerned with multi-dimensional data
display and saw the possibility of using texture as an additional channel (orthogonal to the three
color channels) for communicating quantitative information, identified orientation, size and
contrast as the “dimensions” of flat texture most useful in this respect.

3.7.3:  Texture properties characterizing cylinders and ellipses of various eccentricities

Stevens [1981a] informally reported that when a variety of texture patterns from
Brodatz’s album were pasted onto cylinders and viewed monocularly under conditions that
minimized shading cues, a compelling impression of curvature was obtained only in the cases of
the most regular, synthetic patterns (specifically, wire mesh and rattan), despite the obvious
foreshortening cues available in all of the texture patterns.

Todd and Akerstrom [1987] were among the first to thoroughly investigate the effects of
texture pattern characteristics on the ability of observers to accurately judge the shapes of curved
surfaces.  They used a cue-conflict paradigm in which they separately manipulated individual
aspects of a particular texture pattern (the implementation is described in [Todd and Mingolla
1984]) and measured how eliminating certain gradients affected the ability of observers to judge
the relative eccentricities of ellipsoidal surfaces viewed end-on.  (Five different eccentricities were
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used.)  An unfortunate repercussion of this type of selective manipulation of the surface texture is
that the results in many cases are not “ecologically valid” — they suggest a surface appearance
that could have come about only as a result of a highly unlikely coincidence of circumstances —
and we cannot rule out the possibility that our response to improbable stimuli might be weighted
more by the degree of improbability of the occurrence than by the importance to shape
perception of the particular texture gradient eliminated from the pattern.  These studies
nonetheless contribute a significant portion of what is known about how various properties of
surface texture affect our perception of surface shape.  Figure 3.23 shows some of the sample
stimuli.

One effect clearly shown in these experiments is that subjects perceive more depth in
images rendered with a polar (perspective) rather than parallel (orthographic) projection.  The
effects of projection method can be seen in the images of figure 3.23a–b.  The depth difference is
not huge, but is significant and consistent.  No significant differences in depth judgments were
found when surfaces were textured with rectangular elements of varying proportions and areas,
as shown in figure 3.23c, rather than square elements of equal size, as long as the element sizes
and elongations were randomly perturbed on an individual basis before projection, injecting no
bias into the pattern of irregularity.  Todd and Akerstrom [1987] note that these results tend to
support the theory that observers’ judgments of overall shape-from-texture are based on a global
perception of the texture gradients rather than on highly local measurements of the lengths or
orientations of individual elements, which would be have been disrupted by the noise.  When the
texture elements were scaled, to eliminate any differences in their projected sizes (and, it appears,
inter-element spacing, although this was not explicitly mentioned), as shown in figure 3.23e,
judged depth decreased by 37.8%.  When the shapes of the projected texture elements were
constrained to be square, as shown in figure 3.23f, or the orientations of the texture elements
randomly reassigned after projection, as shown in figure 3.23d, the impression of depth was
essentially destroyed and subjects reported seeing a flat surface, despite the clear gradients of
size and spacing in the image with the square elements.  I suggest, however, that the likelihood of

Figure 3.23:  Stimuli, representing textured, elongated ellipsoids viewed end-on, used
by Todd and Akerstrom [1987] in experiments designed to reveal the characteristics of texture
important for communicating shape.  From upper left: a) polar projection, regular texture; b)
parallel projection, regular texture; c) irregularly-shaped texture elements; d) randomly
reoriented texture elements; e) constant area; f) constant compression; g) elongated elements,
veridical texture gradients; h) elongated elements, constant compression.
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a real surface texture producing either of these effects is extremely slim.  It would have required
an extraordinary coincidence, in the former case, to have dozens of parallelograms precisely
scaled and oriented on an ellipsoidal surface so that each one would project to a square, and it
can be argued that the images in the latter case lend themselves more naturally to an
interpretation of a collection of parallelograms thrown onto a flat dinner plate than anything else.
Interestingly, when appropriately oriented (constantly proportioned) parallelograms of
equivalent size were substituted for the squares in the case of “constant compression”, as shown
in figure 3.22h, the impression of an ellipsoidal surface returned, highlighting the significance of
element orientation in shape perception, even without the compression cue.  Judged depth was
consistently greater when slightly elongated elements were used instead of square elements
under otherwise normal conditions, as shown in figure 3.23g.

In the final section of their paper, Todd and Akerstrom [1987] presented the image shown
in figure 3.24 to suggest potential limitations of the usefulness of discrete element texture as a
descriptor of surface shape when it is applied to more complex stimuli.  Two specific features of
the square element texture seem to most greatly limit its usefulness in this particular situation.
The first is that the texture elements are located in the tangent plane to the surface rather than
directly on the surface itself.  This means that their edges will always be straight and will not
curve along with the surface as the contour lines do.  (The difference between being on the
surface and being in the tangent plane is not great when the underlying surface is well-
approximated by a planar patch over the area covered by the texture element, but the aptness of
this implementation method will decrease as the scale of the significant surface curvature
increases relative to the scale of the texture elements.)  The second limiting feature may be that
the orientation of the square texture elements is randomly defined.  Much of the information
communicated by the contour lines in the image on the right comes directly from the fact that
these lines have a consistent orientation and are evenly spaced in three dimensions.  In a later
section I will discuss some work by Todd and Reichel [1990] that follows up on this issue, and in
chapter five will discuss my own investigations into the various pros and cons of using different
texture pattern characteristics to communicate surface shape.

Figure 3.24:  A demonstration, by Todd and Akerstrom [1987], of the results obtained
when this same isolated element texture is applied to a more complicated surface, contrasted
with the results obtained when a ”contour line” texture (after [Stevens 1981b]) is used.

Recognizing the potential limitations of relying on a cue-conflict paradigm to estimate the
relative contributions of the various gradients of texture most important for communicating
shape, Blake et al. [1993] conducted experiments in which they compared human performance to
the performance of an ideal observer model for making shape judgments from orthographically
projected images of parabolic cylinders and found that the accuracy of subjects’ shape judgments



64

was greater than what would be expected if they were using element density (inter-element
spacing) information alone.  They also show, both theoretically and experimentally (using a cue
conflict method for parabolic cylinders covered with line element textures, under orthographic
projection) that the “compression” cue (manifested as differences in element elongation)
dominates the density cue for communicating eccentricity in depth.  When circular texture
elements were substituted for line segment elements, response accuracy increased but only
modestly.  Blake et al. [1993] conclude from this that subjects are not inferring local surface
orientation from the shapes of individual ellipses but are responding to the circular texture and
line element texture in much the same way.  Johnston and Passmore [1994] and Koenderink and
van Doorn [1995] provide further evidence supporting the notion that shape and curvature
perception are based on a global appreciation of surface properties and not built up, point-wise,
from local estimates of surface orientation.

Cumming et al. [1993] conducted a series of experiments aimed at determining the
characteristics of texture that most influenced surface shape judgments under stereoscopic
viewing conditions.  They used a volumetric texturing technique to apply texture elements to the
surface of a horizontally-oriented convex hemi-cylinder, represented in a perspective projection
and viewed, in stereo, from a distance of 2 meters.  For each texture condition, in which element
size, spacing and vertical compression were independently manipulated, the two-dimensional
image represented by texture was held constant while the binocular disparity was varied.  An
estimate of the perceived depth indicated by texture was obtained by having observers make a
series of two-alternative forced-choice decisions, under different disparity conditions, about
whether the depth of the represented cylinder appeared to be greater or less than half of its
height (judging, in effect, whether the surface appeared to represent an elongated or flattened
circular cylinder).  Examples of the stimuli are shown in figure 3.25.  Cumming et al. found that
perceived depth was least for stimuli in which element compression was held constant, and that
the presence or absence of appropriate gradients of element size and/or spacing had little effect
on observers’ depth judgments.  They note that this seems to contradict the results obtained by
Todd and Akerstrom [1987], who found a significant effect of element size, in combination with
compression, for monocularly viewed stimuli in which square texture elements were applied to
elongated ellipsoidal surfaces.  Another contradiction, which they unfortunately do not explicitly
discuss, is that while Todd and Akerstrom [1987] found that perceived eccentricity increased
when elongated texture elements were used, Cumming et al. [1993] found exactly the opposite
result.  (In both studies the direction of elongation was orthogonal to the direction of surface
slant.)  When horizontally-oriented ellipsoids of randomly varying eccentricities were substituted
for the circles in the volume texture, perceived depth decreased with increasing average
elongation.  Because subjects’ depth judgments returned to their previously levels when the
elongated ellipsoids were randomly oriented before projection, Cumming et al. [1993] conclude
that shape-from-texture is ineffective when the surface texture is anisotropic.  Another possibility
that I see, however, is that the failure of shape-from-texture in this case might be due less to the
anisotropic nature of the texture than to the fact that the direction of anisotropy is coincidentally
aligned with the cylinder axis and the cylinder axis is parallel to the image plane.  Changing
either the direction of the texture across the surface or the direction of view could make the
compression gradients more easily visible and might improve the amount of depth perceived.
(The differences in element compression with respect to position appear, to me, to be much more
subtle in the image of figure 3.25-center right than in the image of figure 3.25-lower right, despite
the authors’ assurances that the overall gradient of compression is identical in all cases.  While a
clearly perceptible difference in texture characteristics between the “middle and “edge” regions is
obviously not sufficient to evoke a veridical perception of eccentricity, it is hard to imagine how
such a perception might be facilitated when a visible distinction along these lines cannot be easily
made.)

Even with all of the experimental evidence collected so far, several questions about the
perception of shape from texture remain open.  First, is correct element compression important
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Figure 3.25:  Stimuli used by Cumming et al. [1993] in experiments examining the
characteristics of texture most important for communicating shape and depth in
stereoscopically viewed images.  Note the relatively flatter appearance of the images in the
middle row as compared with the images in the bottom row.

for communicating surface shape because of the information contained in the compression
gradients (the increasingly squashed or stretched element shapes) or because of the information
communicated by the orientation of the elongated texture elements?  Conflicting results have
been obtained, and at this point the evidence does not seem clear.  Second, is it really fair to
attribute the abysmal performance on shape-from-texture judgments in the “constant
compression” solely to the absence of compression gradients, without considering the fact that
the fortuitous combination of circumstances required to produce views such as these from
anything other than a flat surface is so unlikely?  Nakayama and Shimojo [1992] have provided
evidence that our visual system assumes genericity of viewpoint.  Perhaps the particular stimuli
showing surfaces that lack compression gradients are interpreted as flat because any other
interpretation would require the assumption of an “accidental viewpoint” — if these really were
curved surfaces, any slight change in viewpoint would result in at least one of the circles being
seen as an ellipse or one of the squares being seen as a parallelogram.  Third, Cumming et al.
[1993] hypothesize that at least some of the differences between their results and the results of
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Todd and Akerstrom [1987] are due to the different impact of certain texture characteristics under
the conditions of stereo viewing.  [Rogers and Collett 1989] have shown that stereo and motion
cues to depth are not duplicative, i.e., that more depth is perceived in displays containing both
rather than either alone.  It would be interesting to investigate the effects of different texture cues
on judgments of shape in experiments in which both stereo and interactive object manipulation
capabilities are provided.  In particular, this approach would allow any viewpoint-dependent
effects to be clearly identified.  A related point is that all of the experiments conducted so far in
the perception of shape from texture have relied on judgments of the relative elongations of very
simple surfaces of known, symmetric geometry.  It would be interesting to look at the ability of
observers to make shape and curvature judgments (using Koenderink’s [1990] richer definitions
of these terms) for a broader range of surface stimuli.  In particular, this approach would allow
shape-dependent effects to be identified and might help shed more light on the question of why
elongated elements seem to aid the perception of depth in some cases and hinder it in others.

3.7.4:  Insights from computational models for extracting shape from texture

While the sheer volume of work in computer vision on extracting shape from texture (or
other surface markings) defies easy or concise summation (and I will not go into the details of the
various computational models for extracting shape from texture), some insights of relevance to
the topic of this dissertation can be gained from that work.  Most computational models for
extracting shape information from patterns of surface texture operate either from an assumption
of homogeneous texture element distribution (in which case shape and depth are indicated by
differences in inter-element spacing after projection) or from an assumption of isotropic element
orientation (in which case shape, but not depth, is indicated by the orientation anisotropies in the
projected texture).  In many cases, the algorithms are designed to be applied to planar surfaces
and generalize to curved surfaces only through the assumption that any particular local surface
area can be approximated by a planar patch.  In many cases, the algorithms assume orthographic
rather than perspective projection, ostensibly on the grounds that the differences between the two
are minimal as long as the depth extent of the surface is small relative to the distance of the
surface from the viewpoint, although a more practical explanation might be that incorporating
perspective would severely complicate the algorithmic complexity.  One of the earliest and most
often followed computational approaches for determining shape from texture was proposed by
Witkin [1981].  As shown in figure 3.26, Witkin observed that the distribution of the orientations
of elongated texture elements will be biased toward a direction aligned with the tilt axis (where
the tilt axis is defines as the direction, in the image plane, about which the surface plane is
slanted), and that this orientation bias will be stronger as the amount of slant increases (where
slant is defined as the angle between the surface normal and the viewing direction).  With
particular insight, Witkin emphasized that the local orientation of a surface could be successfully
computed from the pattern of foreshortening of surface texture even in situations where element
orientation was not isotropic, as long as it was possible to distinguish the inherent anisotropies of

Figure 3.26:  An illustration of the type of texture anisotropy generated by surface
slant, as described by Witkin [1981].
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the texture pattern from the effects of compression due to the 3D-to-2D projection.  Stone [1993]
has enlarged upon this theme, noting that human observers seem to presume “homotropy” of
texture element orientation rather than either isotropy or homogeneity of element distribution —
that we confuse flat and curved surfaces most when the orientations of texture elements are not
invariant with respect to position across the plane.  Figure 3.27 illustrates the difference between
homotropic and non-homotropic texture patterns.  It is difficult not to interpret the patterns of
shifting element orientation as cues to non-planarity.  Stone also provides what appears to be a
clear and thorough summary of the computations shape-from-texture literature; other references
to the literature in this area can be found appended to the references for this chapter.

Figure 3.27:  An illustration of the difference between homotropic and non-homotropic
texture, after Stone [1993].

3.7.5:  Representing  a curved surface with “contour” lines

Stevens [1981b] emphasizes the particular usefulness for describing shape of surface
texture patterns in which elements are oriented along the principal directions.  His claim that we
can safely assume that many if not most of the lines that we observe on surfaces will in fact be
oriented in these directions is difficult to accept; nevertheless his analysis of the kinds of shape
information that can be communicated by these line patterns is of particular significance when
one is considering the issues of texture design — how to define a texture that will show shape
best.

Stevens asserts that if we assume that two intersecting lines of “texture” on a surface
(defined as a height function on a plane receding in depth towards the top of the projected
image) are orthogonal in 3-space and each locally oriented in the directions of greatest and least
normal curvature over the surface, and if we furthermore assume a generic viewpoint
(precluding the possibility of, for example, looking at a hyperbolic surface along an asymptotic
direction), we can infer the sign of the Gaussian curvature of the local surface patch from the
signs of the curvatures in the projection onto the image plane of each of the lines at their
intersection point.  Figure 3.28, based on a diagram in [Stevens 1981b], attempts to illustrate both
the potential and the limitations of this concept.  Not pointed out by Stevens is the fact that unless
one presumes a surface normal direction pointing outward towards the viewing direction and
upwards toward the top of the image, it is not possible to distinguish either between convex and
concave surface patches or between elliptic and hyperbolic patches.

While it would seem that the restrictiveness and lack of plausible generality of the these
above-mentioned assumptions would mean that, under practical circumstances, it would be
difficult for us to actually infer any useful information about shape from the curvatures of lines
across surfaces, Todd and Reichel [1990] present compelling empirical evidence, reproduced in
figure 3.29, of the effectiveness with which surface contours can be used to convey a robust
impression of three-dimensional shape under a wide variety of slightly irregular circumstances.
One of the things they demonstrated was that the compelling nature of the three-dimensional
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Figure 3.28:  A diagram representing how one might imagine that local surface shape
could be inferred from the signs of the curvatures, in the projected image, of surface “contour”
lines oriented in each of the principal directions: a) a planar patch, representing a degenerate
case in which k1  = k2  = 0 (normal curvature is zero in all directions on this surface); b) a
cylindrical patch, where k1  > 0 and k2  = 0; c) a misleading picture showing two orthogonal
directions on a cylindrical patch that are not aligned with the principal directions (in this case
the normal curvature is positive in each of the orthogonal directions); d) an elliptical patch,
where k1 , k2  >0, and which appears, in this orientation, to be convex; e) the same elliptical
patch rotated by 90˚ in the clockwise direction (here one may prefer a concave interpretation);
f) a hyperbolic patch, where SIGN( k1 ) ≠  SIGN( k2 ).  Notice that the apparent curvatures of the
two principal direction lines in this patch are identical to the apparent curvatures of the
principal direction lines in the patch to the left of it.  The hyperbolic nature of this surface
patch is revealed not by the curvatures of the principal direction lines but rather by the fact the
curvatures of the left and right edges differ in sign, indicating the presence of an inflection in
the projected curvature of one of the principal direction lines.

shape perception is not seriously diminished if instead of being continuous the lines are broken
up into short segments centered at randomly-spaced locations across the surface, as in figure
3.29c (although the impression of depth is lost when the line segments lose their capacity to
convey orientation information, as in figure 3.29d).  They also demonstrated that if, instead of
being equally spaced and oriented parallel to the axis of rotation, as in figure 3.29a, the contour
lines are randomly perturbed in orientations by up to 45˚, as in figure 3.29e, their capacity to
portray shape is not significantly weakened, although the impression of depth is lost if the line
orientation is completely random, as in figure 3.29f. Similarly, when the line segments instead of
flowing horizontally are rotated on the surface to flow in a consistent, oblique direction, as in
figure 3.29b, or random noise is added to the directions of each of the lines as they proceed across
the surface, as in figure 3.29g, the textures retain their ability to communicate shape and depth,
although the impression of depth may be lost if the lines are replaced by sinusoids and texture
compression is not fully represented, as shown in figure 3.29h of the lower block.  One may note
that the understanding of depth obtained from these images is diminished if they are viewed at
an angle other than the one in which they appear in figure 3.29.  Reichel and Todd [1990]
attribute this effect to the presence of occlusion contours that restrict the depth order of the
surfaces on either side of the occlusion boundary, making the depth relationships appear to be
piecewise inconsistent, as shown in figure 3.30.
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Figure 3.29:  Images generated by Todd and Reichel [1990] to demonstrate the wide
variety of conditions under which surface “contours” (texture lines) can, and cannot, convey a
compelling impression of three-dimensional shape.  In the lower group of pictures Todd and
Reichel have selectively projected only portions of the texture, to avoid what they refer to as
“shading cues”, the dark spots that result from extreme texture compression where the view
direction almost grazes the surface.

While Todd and Reichel do not attempt to draw any general conclusions about the
characteristics of surface lines that make them useful for showing shape (it would be premature
to make any such statements on the basis of just a few example images), it is clear that surface
lines can usefully show shape in more general situations than those described by Stevens.

The surfaces used in all of the above examples are not truly three-dimensional but are
perhaps better described as 2  

1
2 D, representing height functions on a plane.  We have already

seen that the particular texture characteristics useful for conveying an impression of a flat plane
receding far into depth did not to generalize to the case of curved surfaces with limited depth
extents.  The apparent demonstrated dependence of some of these effects on assumptions about
“floor” as opposed to “ceiling” surfaces seems to indicate that similar caution must be used in
making assumptions about the direct applicability to surfaces in 3D of the texture properties
shown to be effective in the 2  

1
2 D domain.
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Figure 3.30:  Images generated by Reichel and Todd [1990] to demonstrate how
occlusion contours can affect the global consistency of locally inferred relative depth order
judgments.  When this surface is interpreted as receding in depth towards the top of the image
rather than towards the bottom, the perceived local depth order between the upper pair of
points will be inconsistent with the perceived local depth order between the lower pair of
points.

The usefulness of surface contours for conveying shape seems to come from their being
arranged consistently across the surface in a flow. There is actually very little that one can assume
about shape from the projected curvature of a single surface curve.  Cipolla and Zisserman [1992]
investigated the information about surface shape that could be communicated by arbitrary
surface curves tracked through a series of different viewpoints.  They show how, by following
the inflections of a surface curve, knowing little more than the general direction of observer
motion (left-right or right-left), it is possible to recover the sign of the normal curvature along that
curve and disambiguate some aspects of the surface shape.  The projected curvature, in two
dimensions, of a point on an arbitrary line on a surface in 3D can be zero under only two
conditions: either the surface is locally flat at that point (which occurs non-generically) or the
viewing direction is within the osculating plane, defined as the plane spanned by the normal and
tangent directions of the curve at the point (which is a generic event).  Based on this
understanding, Cipolla and Zisserman observe that it is possible in general to track the location
of the inflection point of a space curve along the curve as the viewpoint changes, and they prove
that the sign of the normal curvature can be derived from this information if the general direction
of changing viewpoint is known.  They show, in effect, that when the viewpoint is moving from
left to right and the inflection moves along the curve so that a point at which curvature was zero
in one view is seen to have positive (negative) curvature in the next view, the normal curvature at
the point can be assumed to be convex (concave).  This information can be used to disambiguate
the shape of the surface in a similar way as the information from moving specularities: the
surface cannot be convex if the normal curvature is known to be concave in some direction; it
cannot be concave if the reverse is true.

Although this treatment of shape and depth perception has by no means been exhaustive,
I hope that it has provided some insights that may help explain why the shape and depth of
transparent surfaces are so difficult to perceive, support the idea that a partial solution may lie in
the use of opaque surface texture, and motivate possible approaches for defining a sparse,
opaque texture that can convey surface shape in a particularly representative way.
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