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Abstract

In this thesis, we address the issue of 3-D shape from shading by investigating shape
perception in humans and the early vision mechanisms that subserve this perception.
We first investigated the influence of scale, contour, and reflectance function on shape
perception from shading. Our results suggest that subjects can form robust 3-D
shape percepts that remain consistent across sittings for shapes of various contours
and reflectance functions. We have found that salient 3-D percepts can be formed at
the level of early vision mechanisms. Experiments in which a single target pattern
is discriminated from multiple background distractors show that certain shaded, 2-
D stimuli consistent with a top-lit, convex interpretation can be processed fast (<80
msec) and in parallel. Strong pop-out asymmetries and control experiments involving
shaded patterns that do not have familiar 3-D interpretations suggest that such fast,
parallel processing is indeed dependent upon perception of 3-D shape. We find that
these mechanisms proceed most readily when the stimuli can be interpreted as convex
and lit from top-left. These preferences for shape and lighting directions appear to be
intrinsic to early vision and cannot be overturned using stereo disparity cues. These
early vision 3-D mechanisms can also be influenced by 3-D contextual information.
We report that, together with 3-D shape, apparent reflectance is computed fast as
well. Moreover, it is apparent reflectance, rather than brightness or perceptual 3-D
shape, that is the primary basis for discrimination during the early stages of visual

processing.
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Chapter 1 Introduction

When we look at the world around us, we see it as three dimensional. No matter if we
are viewing a physical 3-D scene, or even just a black-and-white photograph, our sense
of shape is compelling. Even when stereo, color, and texture cues are absent, grey-
level images nonetheless contain many cues from which we can build a 3-D percept —
luminance edges, shading gradients, occlusion contours, cast shadows, to name a few
(see Figure 1.1). Although the saliency of 3-D shape perception from shading has
been noted and used by artists since at least the 4th Century B.C. (Gombrich, 1976),
little yet is understood about how 3-D shape is actually represented in the brain.

The reason that research in shape from shading has been limited in the past
may be attributed to the lack of sophisticated computer tools for generating realistic
images and for collecting psychophysical data. Nonetheless, the existing literature
reveals that our visual system can derive with ease many aspects of a 3-D scene from
shading. (Rittenhouse, 1786; Brewster, 1847; Gibson, 1950; Horn, 1975; Yonas et
al., 1979; Pentland, 1982; Todd & Mingolla, 1983; Ramachandran, 1988; Mingolla &
Todd, 1989).

One of the first issues to be studied in this field was the issue of measuring the
subjective shape percept. Historically, the study of form or shape perception has dealt
primarily with shapes of only two dimensions. Even when the third dimension was
studied, the question was typically posed in terms of the perceived slant in depth of
planar surfaces. As the sophistication of computer graphics capabilities grew, so did

the body of work that addresses the issue of 3-D shape perception and representation
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Figure 1.1: From shading cues alone we can extract a variety of shape information
that can lead to a compelling sense of 3-D shape.
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3
(Braunstein et al., 1982; Cutting & Millard, 1984; Lappin et al., 1980; Todd &

Mingolla, 1983; Stevens & Brookes, 1987; Todd & Akerstrom, 1987; Todd & Reichel,
1989; Bulthoff & Mallott, 1992; Koenderink et al., 1992).

In Chapter 2, we evaluate the most recently proposed method for quantifying
our internal representation of a 3-D shape (Koenderink et al., 1992). We will also
address some of the primary questions regarding the representation of 3-D shape in
the brain. For instance, how consistent is our perception of 3-D shape from shading?
Does it change from viewing to viewing? How does changing the reflectance function
or the size of the stimulus affect perception? And of course, how accurate are we in
our perception?

A second major issue in the study of shape perception from shading concerns the
mechanisms underlying the perception of 3-D shape from shading. We know that
shading information can supply a wealth of cues from which we are able to compute
3-D shape. Yet which and how, and along what time course, are these cues combined
in the process of 3-D perceptual build-up?

In studying visual processing, the first step is to examine the processes that oc-
cur in early vision. Early vision, otherwise known as preattentive vision, includes
those mechanisms which underlie the initial stages of visual processing (See Neisser,
1967; Beck, 1982; Treisman, 1982; Julesz, 1984). These mechanisms are capable of
operating in parallel across the visual field, and is believed to be capable of detecting
simple features only, and not the conjunction of these simple features. Color, lumi-
nance, orientation, motion, and textons are some examples of such simple features.
Since shaded stimuli that can be interpreted as 3-D shapes are typically conjunctions

of luminance patches and oriented lines, one would not expect them to be readily

processed by these early vision mechanisms.
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During the last few years, however, there has been accumulating evidence suggest-
ing that some aspects of 3-D shape perception are computed by early vision processes
(Braun 1990, 1993; Enns & Rensink 1990, 1991; He & Nakayama 1992, 1993; Kleffner
& Ramachandran 1992, Adelson 1993, Sun & Perona 1996a, 1996¢). Experiments
that demonstrate perceptual pop-out involving shaded patterns with familiar 3-D
interpretations have provided particularly convincing evidence. In our studies, we
investigate specifically this preattentive processing phase of 3-D perception.

We present our findings confirming that 3-D shape perception is indeed sﬁbserved
by early vision processes in Chapter 3. In Chapter 4, we show that, despite the fact
that both shape and reflectance are computed in parallel by early vision, reflectance,
and not shape, is used as the primary cue by processes mediating segregation and
pop-out.

In the remaining chapters of this thesis, we investigate in more detail various
characteristics of early vision 3-D mechanisms. Chapter 5 explores the lighting-
from-above assumption that seems to be crucial for fast and parallel processing of
shaded stimuli as 3-D shapes. Chapter 6 describes experiments in which we explore
the interaction between shape-from-stereo and shape-from-shading mechanisms, and
in Chapter 7, we ask whether these early vision 3-D processes can be influenced by

3-D contextual cues.
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Chapter 2 Measuring the Shape Percept

In studying shape perception, the first problem is in measuring and expressing quan-
titatively this subjective shape percept in a meaningful way. Because this is a non-
trivial problem with no obvious solution, a variety of methods have been proposed
(Stevens, 1983a, 1983b; Todd & Mingolla, 1983; Todd & Akerstrom, 1987; Mingolla
& Todd, 1989; Todd & Reichel, 1989; Bulthoff & Mallott, 1992), most of which are
well-suited for answering the specific question their designers have in mind, but not
easily adaptable for other studies of shape perception. In their 1992 paper, Koen-
derink et al. proposed a new method for measuring subjective percept of a 3-D surface
that seems to be more widely applicable. In our experiments, we used Koenderink’s
method to investigate the effect of various stimulus parameters on subjective 3-D
shape perception from monocularly presented shaded stimuli. The viability of this
method subject consistency across sittings and variations of reflectance function is
addressed in Section 2.2. In Section 2.3 we look at inter-subject agreement and ac-
curacy as compared to ground truth. The specific shape parameters whose perceptual
effects we wish to address, 1) boundaries and contours and 2) stimulus size, will be
discussed respectively in Sections 2.4 & 2.5. From studying these perceptual effects,
we hope to attain some understanding of the underlying mechanisms and algorithms

and their roles in shape perception from shading.
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6
2.1 Experimental Methods

Two different experimental paradigms were used in this series of experiments. Method
1, based upon the method proposed by Koenderink et al. (1992), was used in Sections
2.2 to 2.5 for measuring subjective shape percept of shaded stimuli that spanned 5
or more degrees of visual angle. Method 2, a 2AFC paradigm, was used in Section

2.5 for stimuli spanning fewer than 5 degrees.

2.1.1 Method 1

6 surfaces based upon a unit disc on the frontoparallel xy-plane of the screen were
rendered using the built-in graphics capabilities of a Silicon Graphics IRIS (See Fig-
ures 2.1 & 2.2, Appendix A for more details). We varied the reflectance function
and size of these presented figures. Subjects viewed the images monocularly. For
measuring subjective shape percept, a method proposed by Koenderink et al. (1992)
was used (See Figure 2.3). Subjects adjusted a gauge figure controlled via the mouse
to reflect the perceived local surface normal orientation at 69 different points on a

given surface. 8 naive subjects were used for these experiments.

2.1.2 Method 2

To investigate specifically the effect of scale on perceived “shapeliness”, we presented
linearly shaded bubbles, much like the ones used by Ramachandran (Ramachan-
dran, 1988; Kleffner & Ramachandran, 1992), of different sizes and shading gradients
monocularly on a constant background. Note that the stimuli are 2D patches that are

shaded linearly, but look convincingly three dimensional. Subjects did not notice that

they are not realistically shaded. The size and shading gradients were randomized,
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Surface 1

Surface 2

Figure 2.1: Stimulus screens 1, 2, & 3 are shown (left) with their respective xz-plane
profiles (right).
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Surface 4

Surface 5

Surface 6 »

Figure 2.2: Stimulus screens 4, 5, & 6 are shown (left) with their respective xz-plane
profiles (right).
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Examples of surface slant and tilt measurements on a sphere

Figure 2.3: The elliptical gauge method for rendering 3-D shape perception into
components of tilt and slant
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and subjects were asked to evaluate in a 2AFC paradigm whether a shaded bubble

presented in the first screen is more or less curved than 1) arcs of systematically varied
length in degrees scaled so that chord length matched the diameter of the bubble, or
2) another shaded bubble, presented on a subsequent screen (See Figure 2.4). About
900 trials were presented in each block of experiments. 4 naive subjects were used for

these experiments.

2.2 Subject Consistency

2.2.1 Tilt and Slant

We first investigated the reliability of measuring subjective perception using Method
1 by looking at intra-subject consistency. Data was collected using the same shapes
from the same subjects on 3 or more sittings, much like the paradigm used by Koen-
derink et al. (1992).

We first calculated a mean surface normal for each one of the 69 points of a surface
from the data generated from multiple sittings. The deviation in angle between each
experimental surface normal and its mean was obtained after applying a coordinate
transform that places the mean surface normal in the xy-plane (See Figure 2.5).
This deviation was then decomposed into two components: one in the tilt direction
and one in the slant direction. This method allows deviation magnitudes in the
tilt direction to be independent of the slant value. If the deviation were calculated
without the coordinate transform, when the surfaces normals have small slant values
(ones corresponding to points close to local maxima), even very small errors will show
up as large deviations in the tilt direction.

Figure 2.6 shows the range of deviations seen for two of our stimulus shapes,
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Screen 1

Screen 2

Figure 2.4: For the first experimental paradigm in Method 2, during the first screen,
a shaded bubble of systematically varied size was shown (top row). On the second
screen, a pair of comparison curves were displayed (bottom row). The size of the
comparison curves is determined by the angle they subtended, with the chord length
scaled to match the diameter of the shaded bubble. For the second paradigm in
Method 2, shaded bubbles (top row) were shown during both screens.
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Figure 2.5: Each measured surface normal vector (solid) and its corresponding mean
normal vector (dotted) were rotated together along the mean normal vector’s line of
constant tilt. When the mean normal vector lies on the xy-plane, the deviation in
tilt between the mean normal vector and the measured normal vector corresponds to
the actual angle between the vectors, irrespective of the original slant values.
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Surface 1 and Surface 4. In Figure 2.6, the left panel shows scatter plots of deviations
from two subjects, and the right panel shows standard deviations from means binned
according to slant values. There appears to be a tendency towards higher precision
as slant increases. Figure 2.7 summarizes consistency for 4 subjects for each of the
two surfaces. As can be seen, subjects maintain good consistency from sitting to
sitting. As reported by Koenderink et al. (1992), tilt consistency is very good. We
found deviations to be generally around 5 degrees. However, while they reported
slant judgment to be imprecise, much more uncertain than that of tilt, we found
deviations in the slant direction to be comparable to those in the tilt direction, ranging
between 5 and 10 degrees. Even for Surface 4, a relatively complicated shape with
two maxima and a discontinuity, both tilt and slant measurements continue to have
good consistency.

While not proof in and of itself, this high degree of intra-subject consistency we

observe is consistent with and lends credence to the following hypotheses:

1. Subjects form a reliable 3-D impression of the shaded figures. This would further
imply that whatever a priori model the brain uses to form this 3-D percept, it

is a relatively fixed and stable model.

2. This method of measuring subjective perception is adequately intuitive and
does not require the subject to express his 3D shape percept in quantities that
are far removed from the psychophysical variables used by the visual system for

encoding surface orientation.
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Figure 2.6: Deviations from mean surface normals for two subjects and two surfaces
are shown in scatter plots (top row), and standard deviations are binned according
to slant values (bottom row).
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Deviations for Different Subjects - Surface 1
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Figure 2.7: Standard deviations of multiple subjects are shown here for Surface 1
(top) and Surface 4 (bottom). Standard deviations for tilt and slant are comparable,
at around 5 degrees, for both surfaces.
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Diffuse Specular Specular
Materials | Reflectance | Reflectance | Scattering
1 0.60 0.40 6.0
2 0.99 0.00 10.0
3 0.00 0.99 50.0
4 0.00 0.99 6.0

Table 2.1: Reflectance Parameters of Materials

2.2.2 Reflectance Function Effects

The SGI graphics library allows one to define the ”material” of an object by specifying
parameters of diffuse reflectance from 0 to 1, specular reflectance from 0 to 1, and
specular scattering exponent from 0 to 128. To investigate the effect of reflectance
function on shape perception we chose 4 different materials that covered a wide range
in each of the parameters:

For each subject, we used the apparent surface normals collected using Material 1
as a baseline with which to compare the data collected with Materials 2, 3, & 4. The
surface normal deviations between each of these materials and Mat 1 for two subjects
are depicted in the scatter plots shown in Figure 2.8. In all cases, the differences
between the Mat 2, 3, 4 surface normals and the Mat 1 surface normals lie within
the range of deviations expected for data collected from different sittings (5 to 10
degrees).

If the different reflectance functions were to cause a change in the impression of
shape or depth scaling, one would expect a systematic shift of the deviation distribu-
tions away from the origin of the graph. The plots in Figure 2.8 do not seem to show
significant amounts of such shifts. One way of obtaining a numerical representation

of these shifts would be to find the mean deviation from Mat 1 for each surface. Data
from a perfect observer who perceives the surface of a test material as completely
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Material 1 are shown for 2 subjects.
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[ [ | Material 2 | Material 3 | Material 4
Subject || Surface tilt | slant tilt | slant tilt | slant

MB 1 0.63 | -0.70 0.86 | -1.54
ST 1 -0.66 | -2.39 | 0.21 0.80 | -0.09 | -3.93
ST 2 -0.32 | -0.67
JM 2 0.66 | -2.90| -0.53 | -1.46
MB 2 -0.22 | -1.85
JM 3 0.91 0.53 | -0.98 0.61 | -1.51] -0.11

] average H [ -0.073 | -1.095 | 0.130 [ -0.548 ] -0.318 ] -1.760 ]

Table 2.2: Systematic Deviations from Material 1

identical to that of Mat 1 would give a mean deviation of zero. Table 2.2 shows the
mean values in degrees for 3 real observers in the tilt and slant directions. Mat 4
resulted in the largest amount of shift in slant, averaging to almost 2 degrees between
subjects, corresponding to perhaps a more flattened percept. However, since mean
deviations of around 2 degrees are typically seen between different sittings even for

the same material, this shift is not significant.

2.3 Perception of Shape

The results from the previous section suggest that subjects do indeed form a rather
robust percept of 3-D shape from these shaded figures, one that is stable across
different sittings and not affected very much by changes in reflectance function. This
consistency is however not necessarily related at all to accuracy. In this section we

take a look at how subjective perception compares to the ground truth.
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2.3.1 Overall Shape

To obtain a general idea of what shape the subjects were perceiving, we asked the
subjects to describe the overall shape of their percept for each experiment by drawing
the perceived xz-plane profile of the stimulus surface, the same view as that shown
in the right column of Figures 2.1 & 2.2, and indicating the relative location(s) and
height(s) of the maxima. The apparent shapes reported were in all cases qualitatively

similar to the test surfaces, even for the more complicated stimuli, Surfaces 4, 5, & 6.

2.3.2 Kurtosis

While the overall apparent shapes were qualitatively to similar to the real surface
and therefore qualitatively similar between subjects, we noticed from subjective re-
ports that different subjects experienced different impressions of depth, an observation
noted also by Koenderink et al. (1992). We obtained a quantitative representation
of this depth impression by assuming that the perceived surface is a scaled version in
height of the real surface. We then found the scaling factor (k) that when multiplied
with the real surface gives surface normals that fit the data best in a least squares
manner (See Appendix B for more details). Figure 2.9 shows the reconstructed
surfaces and scaling factors obtained for different subjects. We observed from our
analysis that there is a pronounced tendency to underestimate the depth of the sur-
face, and that this perceived depth varies from subject to subject. The surface plots

shown were chosen to represent the extremes in each case.
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Surface 1

Figure 2.9: Surface plots of the real surfaces are shown in the left column. The middle
and right columns show surfaces reconstructed from the data of two subjects for each
of Surfaces 1, 2, & 3.
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2.4 Tangent Plane Discontinuities

Boundary contours have strong influences on shape perception. We explored the issue
of contour influences on shape perception by creating shapes that have tangent plane
discontinuities that are not occlusion boundaries (See Figure 2.2, Surfaces 4, 5, & 6).
Apparent surface normals were measured using the procedure described in Method 1.

Subjective surface normals are compared with ground truth surface normals in
Figure 2.10. Results indicate that subjective perception of nearby surface normals
is biased towards the normal to these tangent plane discontinuities, even when the

discontinuity projects to a curved line in the image, as in Surface 6.

2.5 Scale Effects

Another observation we made from subjective reports was that smaller shapes seemed
to be perceived as being more convex, or “shapely,” than larger shapes that are shaded
exactly the same way.

We investigated this phenomenon first using stimuli surfaces 1, 2, & 3 of two sizes,
spanning 5 or 10 degrees of visual arc, and estimating the respective depth scalings
in the manner described in Section III. These depth scalings are plotted below for
different subjects. While there seems to be a trend of reduced depth scalings for the
larger stimuli, the finding was not conclusive (See Figure 2.11). We suspected that the
effect might be more obvious for even smaller stimuli. Since this gauge measurement
method is not amenable for studying shapes much smaller than 5 degrees, we adopted
a different paradigm for clarifying this issue (See Method 1).

In the experiment where shaded bubbles were compared with arcs, psychometric

curves were generated from the data by tabulating the percentage of time a shaded
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Figure 2.10: Apparent surface normals (solid) for 2 subjects each are shown here for
Surfaces 4, 5, & 6 in comparison with the actual surface normals (dotted). The solid
line indicates the locali of tangent plane discontinuities for the surface.

Final Copy 10:05 May 31, 1996



23

Scale Influence on Depth Scaling
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Figure 2.11: Influence of image size on perceived depth scaling is shown here for 6
subjects.
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Comparison of Different Size Bubbles with Same Shading - EM Comparison of Different Size Bubbles with Same Shading - EM
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Figure 2.12: Percentage of time a subject judged the bubble to be less shapely than
the comparison arcs is plotted in A against the angle subtended by the comparison
arcs. B shows the same psychometric curves with fitted error functions superimposed.

bubble of a particular shading and size was judged as being less protruding than the
comparison arcs (Figure 2.12A). Error functions are then fitted to the psycho metric
curves to obtain a 50% index, a fitted mean representing the angle subtended by
a line arc that most closely approximates the perceived shape (Figure 2.12B; See
Appendix C for more details). These fitted means are plotted against bubble size
in Figure 2.13 for 3 subjects, and lines are fitted to these plots. The slope and the
variance of the slope, derived by the method given in Appendix C, show that all plots
except for Plot D have significant negative slopes.

Figures 2.14 to 2.16 show 3 sets of data where the shapeliness of one shaded
bubble was compared with another shaded bubble shown on a subsequent screen.
Graphs in the first column depict the results of comparing a 1 degree bubble with
another similarly shaded bubble of 1, 3, or 5 degrees in size. The 3 degree bubble was

the basis for comparison in the second column, and the 5 degree bubble in the third.
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Figure 2.13: The means obtained from fitting error functions to psychometric curves
are plotted here with dotted lines against bubble size in degrees of visual arc. Fitted
lines are plotted in solid, with the slopes as indicated.
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Comparing Bubbles of Different Sizes - ST
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Figure 2.14: Graph A shows the percentage of time that subject ST judged the shaded
bubble shown first, a 1-degree bubble, to be more curved than a second shaded bubble,
which could be 1, 3, or 5-degrees. In B, the first bubble shown was a 3-degree bubble,

and in C, a 5-degree bubble.

Final Copy 10:05 May 31, 1996



27

Comparing Bubbles of Different Sizes - ST Comparing Bubbles of Different Sizes - 8T
1 F— T o 1 - - - - -
osf e T[T e 08
0.8, 0.8;
----- 5 degrees
07F o7y 2 degrees

o
o
o
>

= (.5 degree

P=3
S
o
'S

©
@
=y
@

----- 5 degrees

<
S

% Response First (2 deg) Bubble as More Curved
o =1
[ o

2degrees

% Response First (0.5 deg) Bubble as More Curved
<
o

o
@

m———().5 degree

L L L L 1

210 220 230 240 250 260 200 210 220 230
Max Luminance of Shading Max Luminance of Shading

A B

Comparing Bubbles of Different Sizes - ST

240 250 260

&
g
&

bod
o

----- 5 degrees

e
b

© 2degrees

Fod
o

0.5 degree

s
o

3
-~
~
~
~
-~
-~
.~
-~

L4
&
v

Y
~
~
~ .
~

% Response First (5 deg) Bubble as More Curved
=4 =]
o K
T
’
¥

©

220 230
Max Luminance of Shading

C

Figure 2.15: Graph A shows the percentage of time that subject ST judged the
shaded bubble shown first, a 0.5-degree bubble, to be more curved than a second
shaded bubble, which could be 0.5, 2, or 5-degrees. In B, the first bubble shown was
a 2-degree bubble, and in C, a 5-degree bubble.
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Figure 2.16: Graph A shows the percentage of time that subject EM judged the
shaded bubble shown first, a 1-degree bubble, to be more curved than a second
shaded bubble, which could be 1, 3, or 5-degrees. In B, the first bubble shown was a
3-degree bubble, and in C, a 5-degree bubble.
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The size of the bubbles has a remarkably strong effect on Subject ST. Her data

is completely consistent with the notion that smaller shaded shapes are seen as more
shapely. For a perfect observer, the line in each graph corresponding to when two
identical bubbles are shown should be constant at 0.5. As seen from her left-most
graphs, ST has a strong tendency to judge the bubble on the second screen, the one
last seen, as more curved when they are actually identical. However, when the first
bubble is smaller in size than the second one, the percept of increased shapeliness due
to the smaller size overrides even her “recency effect” tendency.

The effect of scaling on perceived shapeliness can be seen clearly with both proce-
dures described in Method 2. Smaller shaded shapes of less than 2 degrees are clearly

perceived as being more convex than similarly shaded larger shapes.

2.6 Discussion

In the first part of our experiments, Sections 2.2 & 2.3, we found that subjects display
good accuracy in overall shape perception, with an underestimation of depth, as well
as good consistency in both tilt and slant directions, with deviations within 5 to 10
degrees. This finding supports the idea that subjects form reliable and stable mental
percepts of 3-D surfaces, ones that can persist across both time and varying reflectance
functions. This makes sense since we would not want to perceive the same shapes
as different on a day-to-day basis, nor would we want our perception of an object’s
shape to be dependent upon its material. The fact that this shape constancy holds
up under these experimental conditions attests to the validity of our experimental
paradigm.

Our finding of good slant consistency is a noteworthy difference from previous
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findings (Koenderink et al., 1992). The first possibility that comes to mind is that

consistency may be inversely related to surface complexity. However, we found slant
deviations to be around 5 degrees for relatively complicated surfaces that have 2
maxima as well as a discontinuous region (See Figures 2.6 & 2.7, Surface 4), as well
as for the simpler surfaces.

The small and comparable deviations we found in both the tilt and slant directions
show that tilt and slant are useful psychophysical variables for shape perception tasks.
They are likely to be closely related to the internal parameters used for the visual
encoding of surface orientation (Stevens, 1983a).

Our finding of intra-subject consistency also suggests that the gauge method of
quantifying subjective shape perception is a reliable one, and may prove to be a useful
technique for future studies of shape perception.

Results from Section 2.4 suggest that there is some robust, low-level process that
assumes all tangent-plane discontinuities to be occlusion boundaries, and therefore
should have surface normals that are perpendicular to the discontinuity. It is possible
that this bias is a local effect that comes about only because the measuring technique
itself is very localized, and that there is no corollary deformation of the global percept
of the surface. However, we noticed that the discontinuity can in fact cause a change
in the global percept. When Surface 6 is viewed in its entirety, there appears to
be a dark patch in the center region of the surface, giving the percept of a shallow
concavity. If the crease is covered, however, this dark patch promptly disappears. The
reader may convince his/herself of this effect simply by obscuring the crease with a
finger or a strip of paper. This observation lends support to the idea that the bias

we observe in local surface normals does indeed propagate to the global level.

Regults from Section 2.5 suggest that there is some optimal stimulus size for
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