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We show that the amplitude spectrum of a texture pattern, regardless of its phase spectrum, can be used to
predict whether the pattern will convey the veridical three-dimensional (3-D) shape of the surface on which it
lies. Patterns from the Brodatz collection of natural textures were overlaid on a flat surface that was then

corrugated in depth and projected in perspective.

Perceived ordinal shapes, reconstructed from a series of

local relative depth judgments, showed that only about a third of the patterns conveyed veridical shape. The
phase structure of each pattern was then randomized. Simulated concavities and convexities were presented
for both the Brodatz and the phase-randomized patterns in a global shape identification task. The concor-
dance between the shapes perceived from the Brodatz patterns and their phase-randomized versions was 80—
88%, showing that the capacity for a pattern to correctly convey concavities and convexities is independent of
phase information and that the amplitude spectrum contains all the information required to determine

whether a pattern will convey veridical 3-D shape.

A measure of the discrete oriented energy centered on the

axis of maximum curvature was successful in identifying textures that convey veridical shape. © 2001 Opti-

cal Society of America

OCIS codes: 330.0330, 330.5020, 330.5510, 150.0150, 100.2960.

1. INTRODUCTION

The pattern of markings on a surface is a powerful visual
cue to the three-dimensional (3-D) shape of the surface.!
The two-dimensional (2-D) image in Fig. 1A (left) conveys
the percept of a corrugated 3-D surface solely from the
surface markings, i.e., without stereo, motion, silhouettes,
or other cues to 3-D shape. Li and Zaidi? showed that ob-
servers perceived veridical 3-D shape only in the presence
of surface markings oriented along lines of maximum cur-
vature. In Fig. 1A these markings are the noisy sparse
contours that appear to run along the curvature of the
surface from left to right.

Before corrugation and projection, the texture pattern
used in Fig. 1A consisted of eight different complex grat-
ings, spaced 22.5 deg in orientation beginning at 0° (hori-
zontal), each complex grating being the sum of three dif-
ferent spatial frequencies in random phase. The visible
contours along projected lines of maximum curvature are
formed by the horizontal components of the texture. The
right panel of Fig. 1A is the 2-D amplitude spectrum of
the pattern. (0, 0) in spatial frequency lies at the center
of the panel, and higher energies are indicated by darker
points. The vertical axis in frequency space, i.e., the
horizontal axis in the image, is the axis of maximum cur-
vature for this 3-D shape.

Figure 1 illustrates the main results of Li and Zaidi.?
Besides patterns in which energy along the axis of maxi-
mum curvature is relatively discrete from energy at
neighboring orientations (Fig. 1A), the other class of pat-
terns that convey veridical shape are those whose ampli-
tude spectra contain energy that is oriented predomi-
nantly along the critical axis, as in Fig. 1B. The critical
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surface markings in this image are visible as short
streaks lying along projected lines of maximum curva-
ture. Synthetic patterns not belonging to the above
classes (Fig. 1C-1E) did not convey veridical shape.?
The amplitude spectra of these patterns either do not con-
tain any components along the critical axis (Fig. 1C), are
oriented along a noncritical axis (Fig. 1D), or are isotropic
(Fig. 1E). The left panel of Fig. 1C contains similar tex-
ture gradients®® and changes in frequency® as in Fig. 1A
but does not convey veridical shape. Hence texture gra-
dients and frequency modulations are neither necessary
nor sufficient for conveying veridical 3-D shape.?

Li and Zaidi'® showed mathematically that only energy
components oriented within a few degrees of the axis of
maximum curvature will distinguish concavities from
convexities. This explains why patterns missing these
necessary components will not convey the veridical shape
of a corrugation. Components at other orientations pro-
vide information sufficient only to distinguish extrema of
curvature from planar portions but not to distinguish be-
tween signs of curvatures or signs of slant. This math-
ematical result links the perception of shape from com-
plex textures to the perception of shape from parallel
rulings studied by Stevens!! and may remove the need to
incorporate Stevens’s strong constraint that rulings are
interpreted as following lines of maximum curvature on
the surface. Knill'? has recently derived a strong corol-
lary to the above result—i.e., the texture flow on a devel-
opable surface follows parallel geodesics of the surface.
However, since some patterns containing the critical com-
ponent also do not convey veridical shape (Figs. 1D and
1E), sufficiency conditions may be more complicated.

© 2001 Optical Society of America
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The goal of this paper was to identify sufficiency condi-
tions by using a set of naturally occurring textures. We
first measured how well each of a set of naturally occur-
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ring patterns conveyed 3-D shape when overlaid on a flat
surface that was then corrugated and projected in per-
spective. Second, we determined whether a pattern’s ca-
pacity for conveying veridical shape was contingent upon
its amplitude spectrum regardless of its phase structure.
This question was tested by generating a set of test pat-
terns that had amplitude spectra identical to the original
textures but randomized phase spectra. Our results
show that the amplitude spectrum can be used to predict
whether a pattern will convey veridical shape. Third, we
devised objective measures based on the amplitude spec-
tra of patterns to separate patterns that convey veridical
shape from those that do not.

2. EXPERIMENT 1: PERCEIVED ORDINAL
SHAPE FROM BRODATZ TEXTURES

The purpose of the first experiment was to quantitatively
document the shapes conveyed by various everyday tex-
ture patterns. Local relative depth judgments were used
to reconstruct perceived shape for corrugated surfaces in
perspective projection.

A. Texture Patterns

Texture patterns from the Brodatz!® collection were used
in this study. They consist of gray-level frontoparallel
photographs of various man-made and natural materials,
such as woven textiles and animal skins. The collection
provides images containing textures at various scales and
orientations and has been extensively analyzed.* Un-
like many of the artificial texture patterns used in previ-
ous shape-from-texture studies,>® most of these natural
patterns cannot be easily parsed into individual texture
elements. Patterns were eliminated if they contained
shading caused by the 3-D texture of the material, as this
would have resulted in projected images with shading
cues that were inconsistent with the corrugated shape of
the surface. They were also eliminated if the texture
consisted of just a few large objects, as in the case of cer-
tain lace patterns that contained large floral patterns
only once or twice across the entire pattern. Of the 56
patterns used, 40 were man-made materials (mainly tex-
tiles), and the remaining 16 fell into one of three natu-
rally occurring categories: animal pelts (8), terrains such
as pebbles or grass (4), and solid surfaces such as wood
and stone (4).

Fig. 1. Patterns that convey veridical shape: A, Left: Octotro-
pic plaid pattern drawn on a surface corrugated in depth as a
function of horizontal position and projected in perspective with
the center of the image at eye height. The pattern consists of
eight compound gratings, each oriented 22.5 deg from the next.
Each compound grating is the sum of three frequencies at ran-
dom phases. Right: The amplitude spectrum of the uncorru-
gated pattern. (0, 0) in spatial frequency lies at the center of the
panel, and energy amplitude increases with increasing darkness.
B, Pattern of white noise filtered with an elliptical filter oriented
along the axis of maximum surface curvature. Patterns that do
not convey veridical shape: C, Same complex plaid pattern as in
A minus the horizontal compound grating. The pattern contains
all the relevant texture gradients and frequency modulations
consistent with the corrugated surface. D, Pattern of white
noise filtered with an elliptical filter oriented along the axis of
minimum curvature. E, Pattern of isotropic broadband noise.
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Patterns were scanned in at 150 dpi on a Hewlett-
Packard 4p Scanner and saved in PCX format. Each pat-
tern was 600 X 600 pixels. They were then ported into
Matlab, which was used for all image computations. The
amplitude spectrum of each pattern was computed.
These spectra are shown in the leftmost columns of Fig. 2.
The corresponding corrugated, projected images of the
patterns are shown in the second column. The pattern
number is shown above the two panels to the right.

B. Corrugation and Projection
Shape-from-texture studies have conventionally used ei-
ther flat or singly curved surfaces such as cylinders.®™
Results from Li and Zaidi®>'° showed the necessity of us-
ing stimuli that contain both convex and concave curva-
tures. For example, although Sakai and Finkel? showed
that one-dimensional frequency modulations were effec-
tive at conveying the shapes of convex cylindrical sur-
faces, Li and Zaidi? showed that they are not sufficient for
distinguishing convexities from concavities, even under
perspective projection.

Each pattern was overlaid on a flat surface that was
then corrugated sinusoidally in depth (z) as a function of
horizontal position (x):

z = Agpcos(2mfapx + @) + d, (D

where A;p and f3p are the amplitude and frequency of the
corrugation, respectively, and ¢ is the phase of the corru-
gation at the center of the image. We then computed the
perspective projection of each corrugated pattern onto the
plane of the CRT display (see Appendix of Ref. 2). The
amplitude of the depth modulation (A 3p) was computed to
be 8 cm from peak to trough for a viewing distance d of 44
cm. The projected image was 381 pixels square and sub-
tended 21 deg visual angle. Each image contained three
full cycles of the corrugation. The patterns in Fig. 2 have
all been corrugated and projected with a central phase of
Zero.

C. Equipment

Stimuli were presented using a Cambridge Research Sys-
tems Visual Stimulus Generator (CRS VSG2/3) on a
BARCO 7651 color monitor with a 736 X 550 pixel screen
running with a refresh rate of 100 frames/s. Through the
use of 12-bit DACs, after gamma correction, the VSG2/3 is
able to generate 2861 linear levels for each gun.

D. Psychophysical Method

Perceived ordinal shape was reconstructed for each pat-
tern from a series of local relative depth judgments.?
Each projected image contained a central square fixation
flanked by two smaller test dots positioned to the left and
right of the fixation along a —45° or +45° diagonal. The
test dots were 0.5° visual angle away from the fixation
and abutted it at its diagonal corners. Observers were
asked to fixate the central dot and indicate whether the
location corresponding to the left or right dot appeared
closer or whether the two locations appeared at equal
depths. To sample both convex and concave portions of
the surface, the central fixation location was set to corre-
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spond to one of 12 different phases along a single cycle of
the corrugation. The surface was projected in perspec-
tive with the center of each image at eye height.

One texture pattern was used for each session. We
randomly interleaved 5 trials for each of the 12 phases for
test dots along the +45° diagonal, and the same for test
dots along the —45° diagonal. Images were presented
against a black background for 1.5 s followed by a gray
mask of the same size and average luminance that re-
mained on until the observer made a response.

Observers rested their chins in a headrest, and viewing
was monocular in a dark room. Each session lasted ap-
proximately 5 min. One of the authors (AL) and a stu-
dent (JR) served as observers. JR had participated in
similar experiments on synthetic textures.

E. Ordinal Shape Reconstruction

Each relative depth judgment provides the sign of the lo-
cal slope of the surface. The perceived ordinal shape of
the surface was reconstructed by integrating these local
signs cumulatively from left to right in the following way.
Initially, the estimate of perceived relative depth at each
test location was set to zero (i.e., equivalent to the plane
of the screen). Distances beyond the plane of the screen
were indicated by positive numbers, distances in front of
the screen by negative numbers. From the results of
each trial, the estimated perceived depth of the right test
location was incremented and decremented according to
the observer’s response: If the right test location ap-
peared closer, the depth estimate at that location was dec-
remented by 1; if the left location appeared closer (i.e., the
right location appeared farther away), the depth estimate
at the right test location was incremented by 1. Depth
estimates were left unchanged if the two locations were
reported at equal depths. Since there were five trials for
each test dot configuration at each location, resulting
relative depth estimates ranged from —5 to 5. The final
array of relative depth estimates was then added from left
to right, starting at zero. For example, the final array of
depth estimates of a surface for which all local relative
depth relationships were seen correctly was (5, 5, 5, 0, —5,
-5, =5, =5, =5, 0, 5, 5) which yielded a reconstruction of
(5, 10, 15, 15, 10, 5, 0, —5, —10, —10, —5, 0) (Fig. 3, top).
Results across the two diagonal test dot configurations
did not differ systematically, and so depth estimates were
averaged across the two.

This reconstruction provided an ordinal estimate of the
perceived shape. Hence global percepts of a triangular
waveform and a flattened sinusoid could yield the same
reconstruction, as could percepts of different amplitudes
of depth modulation. However, the method successfully
reveals perceived convexities and concavities.?

F. Classification of Veridicality

The reconstructed perceived shape corresponding to each
texture pattern is shown for each of the two observers in
the rightmost columns of Fig. 2. Each plot shows per-
ceived shape for one cycle of corrugation as a function of
the phase (in radians). Observers’ initials are indicated
at the top of each column. The dashed vertical line in the
plots indicates the central phase of the corrugated pat-
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terns shown on the left. A number of different types of
shapes resulted from the relative depth judgments, in-
cluding half-rectified, fully rectified, and flat surfaces.
There was one notable tendency in the data: In almost
all cases, if any portion of the surface was seen incor-
rectly, it was the concave portion of the corrugation.

To classify the perceived ordinal shapes, we determined
the similarity between the reconstruction for each pattern
and each of the templates in Fig. 3. The veridical tem-
plate for the simulated surface is shown in the top panel.
Three nonveridical templates, half-rectified, fully recti-
fied, and flat (frontoparallel), were also tested against the
reconstructions (see Appendix A for details). If the data
did not fit any of the templates, then the shape was clas-
sified as “other nonveridical.”

A veridical reconstruction results from the percept of a
surface whose convexities and concavities are seen cor-
rectly with a high degree of certainty; that is, this recon-
struction is achieved only if the observer makes correct
relative depth judgments at all locations on every trial.
By simple statistical considerations, if the difference in
perceived relative depth between two locations in the re-
construction is either 4 or 5, we can reject the hypothesis
that the slant between the locations is perceived as flat
and that the value results from random response. Per-
ceived relative depths of 3 or less between two locations in
the reconstruction can result from a surface that is per-
ceived with a high degree of certainty as frontoparallel or
from an uncertain percept resulting in random relative
depth responses. Regardless of the certainty with which
the different nonveridical shapes are seen, it is the veridi-
cal versus nonveridical classification that is the main fo-
cus of this paper.

G. Results

The classification of the perceived ordinal shape is indi-
cated in the upper right or left corner of each reconstruc-
tion panel in Fig. 2 (V, veridical; FR, fully rectified; HR,
half-rectified; F, flat; O, other). The patterns are grouped
by frequency of veridicality. That is, patterns that were
perceived as veridical by both observers are shown first,
followed by those that were perceived as veridical by one
observer, and finally by neither observer. The results
show that not all natural textures convey veridical ordi-
nal shape. Observer AL and JR, respectively, perceived
37.5% and 45% of the patterns veridically, with 29% of the
56 patterns seen as veridical by both.

We informally tested the prediction that the amplitude
spectra of the patterns that convey veridical ordinal
shape contain dominant or discrete energy along the criti-
cal axis, whereas the spectra of patterns that convey non-
veridical shapes contain dominant or discrete energy
along noncritical axes, or are isotropic.? A classification
of the spectra by eye by one of the authors (performed
without knowledge of which spectrum belonged to which
pattern to minimize bias) yielded 28 patterns that were
predicted to convey veridical shape and 28 patterns pre-
dicted to not convey veridical shape. Approximately 80%
of the classifications were consistent with the perceived
shapes obtained for each observer. Therefore classifica-
tion by eye of the amplitude spectrum might be reason-
ably predictive of whether or not a pattern will convey
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VERIDICAL

PERCEIVED SHAPE

-1 0 1 2 3 4 5

PHASE (RAD)

NON-VERIDICAL

HALF-RECTIFIED

PERCEIVED SHAPE

FULLY RECTIFIED

PERCEIVED SHAPE

PERCEIVED SHAPE

PHASE (RAD)

Fig. 3. Template shapes to which individual data were com-
pared. Top, veridical; bottom, nonveridical: half-rectified, fully

rectified, and flat.
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PHASE- veridical ordinal shape. In a later section we examine
BRODATZ RANDOMIZED whether an objective classification can do better, but be-
fore doing so, we test whether the capacity for a pattern to

AV convey veridical shape is also contingent upon its phase
' structure.

3. EXPERIMENT 2: RANDOMIZING PHASE
STRUCTURE

A. Generation of Phase-Randomized Patterns

The amplitude spectrum of each pattern quantifies the
power at each spatial frequency in the pattern. The
phase spectrum quantifies the phase relations between
the various frequencies in the pattern. To test whether
these phase relations play a role in determining whether
a pattern will convey veridical shape, for each of the 56
Brodatz patterns we generated a pattern that had the
same amplitude spectrum but whose phase spectrum was
randomized.

The 2-D Fourier transform of a pattern T can be ex-
pressed in terms of its amplitude-spectrum matrix A and
phase spectrum matrix P: F(T) = Ae’’. To generate
the phase-randomized pattern (7',.), we used the ampli-
tude spectrum A with a random-phase-spectrum matrix
P, to create F(T,) = Ae’fr. The new pattern was the in-
verse Fourier transform of F(T',). All images were nor-
malized to have the same mean luminance. Each of the
Brodatz and the phase-randomized patterns was overlaid
on a flat surface, corrugated, and projected in perspective
as either a central concavity or a central convexity. The
central 7° X 21° vertical strip containing 80% of a full
cycle of the sinusoidal corrugation was used as the stimu-
lus. The two left columns of Fig. 4 show some examples
of concavities and convexities of normalized Brodatz pat-
terns and the two right columns show their phase-
randomized equivalents. Randomizing the phase struc-
ture removes many of the sharp contours that are created
by precise phase relations between harmonics.

B. Psychophysical Method

The number of stimulus patterns was large (56 Brodatz
patterns plus 56 phase-randomized patterns); therefore
we used a global shape identification paradigm in which
observers were asked to identify the 3-D surface shape in
a three-alternative forced-choice task (concave, convex, or
other). We have used a similar paradigm previously'®
and found it to yield reliable results.

The experiment consisted of 7 sessions, each repeated 5
times. Each session contained 320 trials: 32 stimuli (8
Brodatz patterns and their 8 phase-randomized analogs,
each at two simulated curvatures), presented for 10 trials
each randomly interleaved. Each session lasted approxi-
mately 10 min. Each of the 224 stimuli were thus pre-
sented 50 times. There was no feedback. Observers’

Fig. 4. Left: examples of Brodatz patterns corrugated and pro-
jected in concavity and convexity phase. From top to bottom,
Brodatz pattern numbers are D003, D034, D052, D054, and
D068. Right: phase-randomized versions of the patterns in the
left column. Patterns have all been normalized to have the
same mean luminance.
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heads were fixed, and viewing was monocular in a dark
room.

The same observers from Experiment 1 also partici-
pated in this experiment. Observers fixated a central
square in a mid-gray screen for 1 min at the beginning of
each session. The stimuli were presented for 1 s each,
followed by the mid-gray screen. A three-button re-
sponse box was used to indicate whether the surface ap-
peared concave, convex, or other. The third choice of
“other” was included to minimize random biases toward
one or the other curvature on trials where the observer
was unsure of either. Stimuli were presented by using
the VSG2/3 on a SONY GDM-F500 flat-surface color
monitor with a 800 X 600 pixel screen running with a re-
fresh rate of 100 frames/s.

C. Results

In Fig. 5, each panel shows the number of correct re-
sponses out of 50 for each Brodatz pattern plotted against
the number of correct responses for the phase-randomized
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analog. Each point thus corresponds to one of the 56 tex-
ture patterns. The data for simulated concavities are
plotted in the left column, and data for simulated convexi-
ties are plotted in the right column. The solid horizontal
and vertical lines in each panel indicate 35 out of 50 cor-
rect responses. In 50 repetitions, the probability that an
observer has made 35 or more correct responses by chance
is less than 0.05; therefore stimuli that were identified
correctly in more than 35 out of 50 trials were considered
veridical identifications. Stimuli that were perceived
veridically for both the Brodatz and the phase-
randomized patterns fall in the small square at the upper
right of each panel; those that were perceived nonveridi-
cally for both patterns fall in the larger square at the
lower left of each panel. Most of the data fall in these
two squares, suggesting that there is a high degree of
agreement between the veridicality of percepts for the
Brodatz patterns and their phase-randomized analogs.
In all four panels, the cluster at the upper right corner in-
dicates that a number of surfaces were reported as veridi-
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Fig. 5. Number of correct responses out of 50 for each pattern plotted for the Brodatz patterns along the abscissa and for the phase-
randomized patterns along the ordinate. Data are plotted by simulated curvature in the two columns and by observer in the two rows.
Each panel contains 56 points, each corresponding to one of the Brodatz/phase-randomized patterns. The solid vertical and horizontal
lines indicate the 35/50 correct response boundaries. Patterns for which observers perceived veridical shape in both the Brodatz and the
phase-randomized conditions fall in the square at the upper right of each panel; those for which observers perceived nonveridical shapes

in both conditions fall in the square at the lower left of each panel.
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Table 1. Number of Patterns Seen Veridically for
Simulated Curvatures

Type of Curvature

Concave Convex
Pattern AL JR AL JR
Brodatz and 26 17 35 28
phase-randomized
Brodatz only 4 4 3 6
Phase-randomized 7 3 6 2
only
Neither 19 32 12 20
Total 56 56 56 56

cal with a high degree of certainty. The clustering at the
lower left corner suggests that nonveridical shapes were
also reported with a high degree of certainty. Very few

) dsinw — y cos w sin 6
a = tan~ ,
d cos 6 cos w
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D081, and D082). These patterns were perceived as ver-
idical in Experiment 1. It is possible that for these cases,
for this observer, phase randomization reduced the per-
ceived contrast of critical contours in the image that led to
the nonveridical percepts.

4. ANALYSIS OF THE AMPLITUDE
SPECTRUM

To develop an objective metric that can be used directly to
indicate whether a pattern will convey veridical 3-D
shape, we consider how the amplitude spectra for pat-
terns that convey veridical shape differ quantitatively
from those of patterns that do not convey veridical shape.

Li and Zaidi'® showed that for a developable surface of
local slant @ at a distance d, a texture component of spa-
tial frequency f, oriented at o with respect to the horizon-
tal, will have an image orientation « and spatial fre-
quency o given by

(2)

fld + cos(w + 7/2)cos 0]

77 {cos? fcos?(w + m2)(d® + y%) + dZsin’( + m2) — 2yd sin(w + m2)cos(w + m/2)sin O]}

points fall around 25/50, which would have indicated ran-
dom responding. Stimuli that were perceived veridically
for only the Brodatz patterns fall in the rectangle at the
lower right. Stimuli that were perceived veridically for
only the phase-randomized patterns fall in the upper left
rectangle.

Table 1 shows the numbers of patterns in each subdi-
vision of each panel in Fig. 5. The number of patterns for
which the correct curvature was reported for both the
Brodatz and the corresponding phase-randomized pattern
is tabulated in the first row, the number of patterns for
which the correct curvature was reported for only the Bro-
datz pattern in the second row, for only the phase-
randomized pattern in the third row, and for neither pat-
tern in the fourth row. The perceived shapes for the
Brodatz and the phase-randomized patterns were in close
agreement. For observers JR and AL, 87.5 and 80.4% of
the simulated concave patterns and 85.7 and 83.9% of the
simulated convex patterns fall in the first and fourth
rows. The high concordance between the shapes con-
veyed by the Brodatz and the phase-randomized patterns
indicates that the amplitude spectrum contains the criti-
cal shape-conveying information about a pattern; ran-
domization of the phase structure had little or no effect on
the veridicality of the perceived shape.

For observer AL, there were four patterns whose
shapes were perceived veridically for the Brodatz pattern
and nonveridically for the phase-randomized pattern
(D035, D051, D054, and D066). These four patterns
were, however, perceived as nonveridical in Experiment
1. For observer JR, there were also four patterns per-
ceived as veridical for the Brodatz pattern and as nonver-
idical for the phase-randomized pattern (D008, D016,

3

The slants for the concavity and convexity simulations
in Experiment 2 range from —84 to +84 deg. For these
slants, only components oriented within 3 deg of the axis
of maximum curvature were found to provide sufficient
differences in « to distinguish concavities from
convexities.!? We therefore derived measures to distin-
guish patterns that convey veridical shape based on
amount and discreteness within a 6-deg wedge centered
around the axis of maximum curvature.

The first pair of measures was based on the energy in
the critical orientations. The energy in the amplitude
spectrum of each Brodatz pattern within the 6-deg wedge
centered on the axis of maximum curvature (gray wedge
in Fig. 6) was measured in two ways. At each spatial fre-
quency f within the wedge, we took either the maximum
or the mean energy across the 6 deg (6,,;) and weighted
the resulting profile by the human contrast-sensitivity

function®:

u(f) = mean(Ey 4, ) * CSFy, (4)
m(f) = max(Ey , ) * CSFy. (5)

The filtered energy was then summed over frequencies to
yield a single value, in units of canonical contrast thresh-
old, for each texture pattern. The two values were com-
puted:

Cmean = ; n(f), (6)

Crmax = E m(f). (7)
f

In Fig. 7 the cumulative numbers of veridical (solid
curves) and nonveridical (dashed curves) patterns from
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Fig. 7. Cumulative distributions for C .., (top row) and C ..

(bottom row) based on the classifications from Experiment 1.
Distributions for observer AL are plotted on the left, for JR on
the right. C . and C,, are in units of contrast threshold.
For Cean, the mean energy was computed at each spatial fre-
quency within the slice. The resulting profile was filtered by the
human CSF before summing. For C,,,, the maximum energy
was computed at each spatial frequency within the slice, before
filtering with the human CSF and summing. For patterns that
conveyed veridical shape (solid curves) values were accumulated
from left to right. For patterns that did not convey veridical
shape (dashed curves) values were accumulated from right to
left.

Table 2. Minimum Number of Misclassified
Patterns
Experiment 1 Experiment 2
Criterion
Value AL JR AL JR
C mean 11 15 18 11
Crx 10 13 18 9
Ron 11 11 16 6
R 10 10 14 4
Experiment 1 are plotted versus C,.n and C,.c. The

cumulative frequency at each point on the solid curve rep-
resents the number of veridically perceived stimuli for
which Cean or C . Was less than or equal to the corre-
sponding value along the ordinate. C .., and C . val-
ues for patterns that did not convey veridical shape were
accumulated in decreasing order. The cumulative fre-
quency for each point on the dashed curve represents the
number of nonveridically perceived stimuli for which
Crean Or C . was greater than or equal to the corre-
sponding value along the ordinate. These curves show
the costs and benefits of using any value of C .., or Cpax
to classify patterns as capable of conveying veridical
shape or not. The abscissa of the solid curve at the cri-
terion value indicates the number of patterns that will be
incorrectly classified as veridical, and the abscissa value
of the dashed curve indicates the number of patterns that
will be incorrectly classified as nonveridical. The derived
criterion value should be set to minimize the total costs
associated with each type of minimization.

In the absence of different cost considerations for mis-
classification of veridical or nonveridical patterns, we
chose the criterion that minimized the total number of
misclassified patterns. The minimum number of mis-
classified patterns are tabulated by experiment and ob-
server in Table 2. Criterion values of C,,.,, yielded 11
and 15 misclassified patterns for observers AL and JR, re-
spectively, while criterion values of C,,,, yielded slightly
fewer, 10 and 13 patterns respectively.

Similar cumulatives for Experiment 2 are shown in
Fig. 8. Even though the psychophysical task and shape
classification methods were different from those used in
Experiment 1, and even though the perceived shapes dif-
fered for some patterns, the cumulatives for both C, ..
and C,,.,, for Experiment 2 are similar to those from Ex-
periment 1. The criterion values of C,,.,, yielded 18 and
11 misclassified patterns for observers AL and JR, respec-
tively, and criterion values of C ., yielded 18 and 9 pat-
terns, respectively.

The difference in shapes conveyed by the isotropic pat-
tern in Fig. 1E versus the patterns in Figs. 1A and 1B in-
dicates that the discreteness of the energy in the critical
orientation with respect to a local neighborhood of orien-
tations may also be a factor. In two additional measures,
we used a discreteness index to weight the critical energy.
The discreteness index D is defined for each spatial fre-
quency f as the ratio of the energy in the critical 6-deg
wedge to the energy in a surrounding 18-deg wedge (Fig.
6). D for a particular spatial frequency fis thus the ratio
of summed energies at that spatial frequency for the
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6-deg wedge (6) with respect to the summed energies
for the surrounding 18-deg wedge (6g,,):
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Fig. 8. Cumulative distributions of C ., and C .., based on the
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For an isotropic pattern like Fig. 1E, D, will be equal to
0.33 at each frequency. For discrete and dominant pat-
terns like Figs. 1A and 1B, Dy will be greater than 0.33.
For discrete or dominant noncritical patterns like Figs.
1C and 1D, D, will be less than 0.33. The new measures
were computed as

Roean = ; Df:“(f), 9

Rpax = >, Drm(f). (10)
f

Figure 9 shows the cumulative curves based on R,
and R ., for Experiment 1. R, .. and R ..., yielded the
same number of misclassifications as C ., and C ., for
observer AL (11 patterns for R, .., and 10 patterns for
R ,,.) and fewer respective misclassifications for observer
JR (11 patterns for R,,.,, and 10 patterns for R ,,,). For
Experiment 2 (Fig. 10), R, and R ., yielded fewer mis-
classifications than C,,,, and C,,,, for both observers (16
patterns for R, .., and 14 patterns for R, ,, for observer
AL, 6 patterns for R .., and 4 patterns for R, for ob-
server JR). Thus R, consistently yielded the fewest
number of misclassifications. If it is necessary to choose
patterns that convey veridical shape, judging from our ob-
servers’ percepts, any pattern for which R, exceeds 15
units will work.

5. DISCUSSION

The results of this paper show that texture patterns con-
vey veridical 3-D shape if the magnitude of energy in a
narrow wedge of orientations about the axis of maximum
curvature is large relative to the energy in an encompass-
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ing wider wedge. The span of the critical wedge will de-
pend to some extent on the 3-D curvature of the surface
and the viewing distance.

A. Comparison between the Experimental Methods
Experiments 1 and 2 used local and global shape percep-
tion tasks, respectively. Experiment 1 involved the re-
construction of ordinal shape based on a series of local
slant judgments, whereas Experiment 2 involved the di-
rect judgment of concavity versus convexity. Compari-
sons of the numbers of patterns perceived veridically and
nonveridically showed that a majority of the stimuli were
perceived similarly in the two experiments: 87.5% of the
patterns for AL and 75% for JR. Observer AL perceived
more patterns as veridical in Experiment 2 and observer
JR in Experiment 1. It is possible that some observers
are better at extracting local slant while others are better
at extracting global curvature.

B. Materials That Convey Veridical Three-Dimensional
Shape

To get an idea of how well different classes of materials
convey veridical shape, we grouped the patterns as man-
made versus natural (animal pelts, terrains, or solid sur-
faces). In Table 3 the total number of patterns in each
category is listed for each category heading. The num-
bers of patterns in each category that conveyed veridical
shape are listed for Experiment 1 and Experiment 2. Be-
tween 16 and 27 of the 40 man-made patterns conveyed
veridical shape. Many man-made materials such as tex-
tiles contain gridlike patterns that can fall along lines of
maximum and minimum surface curvature. When the
pattern is tilted so that the seams follow nonprincipal
lines of surface curvature, the projected image no longer
conveys veridical shape. Only two to four of the eight
animal pelt patterns conveyed veridical shape. The ones
that did (e.g., D003, D022) contained visible contours or
flows along projected lines of maximum curvature; those
that did not (e.g., D036, D092, D093) contained either
strong contours along nonprincipal lines of curvature or
were isotropic. The four terrain and four solid-surface
patterns were either isotropic or dominant along noncriti-
cal axes. Only one of these patterns conveyed veridical
shape for only one observer in Experiment 2.

C. Contrast Reversals and Changes in Scale

Contrast reversals had little or no effect on perceived
shape. For the five pairs of patterns that were approxi-
mate contrast reversals of one another—D101/D102,

Table 3. Numbers of Patterns in Each Material
Category Conveying Veridical Shape

Experiment 1 Experiment 2

Material
Category AL JR AL JR
Man-made (40) 16 27 23 19
Natural
Animal pelts (8) 2 4 4 7
Terrains (4) 0 0 1 0
Solid surfaces (4) 0 0 0 0
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D103/D104, D109/D110, D111/D112, and D105/D106—the
veridicality of the perceived shape agreed within each
pair. This is not surprising since the spectral properties
of contrast-reversed patterns are identical. Small
changes in scale in relation to the shape of the surface
also had little effect. For the three pairs of patterns that
differed in magnifications—D016/D017 (4X), D032/D033
(1.5X), D066/D067 (0.33X), and D035/D036 (0.5X)—a
change in scale brought about only minor changes in the
perceived shape without changing the veridicality. In
only one case (D035/D036 for observer JR), the percept
changed from nonveridical to veridical when the scale of
the texture was made finer.

D. Shape from Natural Textures
In our earlier work we used a small number of synthetic
patterns to show that the amplitude spectra of patterns
that conveyed veridical shape were either “discrete” or
“dominant” along lines of maximum curvature. The
study reported in the current paper extends this work to a
large number of naturally occurring textures with com-
plex amplitude and phase spectra. The results show that
the shape information conveyed by a texture pattern is
determined by its amplitude spectrum. In fact, the suc-
cess of the R, measure confirms that the information is
conveyed by a narrow range of orientations in the pat-
terns. Our results suggest that the critical shape infor-
mation can be directly processed through independent,
band-limited, orientation-selective neurons and suggest
that matched-filter paradigms'® may provide a good
model for extracting 3-D shape from 2-D texture cues.
This paper also provides a quantitative method for pre-
dicting whether a texture pattern will convey veridical
3-D shape when markings corresponding to lines of maxi-
mum curvature are visible. These results can be useful
in the 3-D rendering of objects on computer screens. As
an alternative to computing the lines of maximum curva-
ture at every point on the surface,’” our results suggest
that a pattern containing a critical amount of discrete en-
ergy at a small number of different orientations will effec-
tively convey the veridical 3-D shape of most surfaces.
Note added in proof: The results of this paper were ob-
tained for upright surfaces. For corrugated surfaces
pitched toward or away from the observer, Zaidi and Li'®
have recently shown that pairs of components oriented
symmetrically away from the axis of maximum curvature
will produce patterns of orientation modulations in the
image that are critical for distinguishing concavities and
convexities. As a result, for pitched corrugated surfaces,
single oriented components, including those parallel to
the axis of maximum curvature, will not be sufficient for
veridical shape perception. The results of Zaidi and Li'®
showed that the critical pattern of orientation modula-
tions that allows distinction of concavities from convexi-
ties matches the pattern that arises from a single compo-
nent parallel to the axis of maximum curvature for
upright corrugations. In alddition, the shape and pitch
of the surface can be used to predict which component
pairs will combine to provide the critical orientation
modulations. Thus for pitched surfaces, one can apply
methods similar to those reported in this paper to deter-
mine whether the amplitude spectrum of a texture pat-
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tern contains sufficient discrete energy in the relevant
pairs of orientations to convey veridical shape.

APPENDIX A

To determine the template that was most similar to the
data, we first computed the difference between the array
of local perceived slopes and the array of local slopes cor-
responding to each of the five possible templates. These
error values were then normalized by the maximum pos-
sible error for that particular template. To simplify the
explanation of maximum error, taking the veridical tem-
plate as an example, the fixation locations in Fig. 3 were
numbered from 1 through 12 from left to right. For each
of locations 1-3 and 11-12, observers should respond for
all five trials at each of these locations that the left test
location is closer in depth than the right test location.
That is, the slope of the surface at each of these locations
should be +5. Measured perceived slopes at these loca-
tions can vary between —5 and +5, which yields a maxi-
mum error of 10 at each location. Similarly, the slope for
locations 5—9 should be —5; that is, observers should re-
spond for all five trials at each of these locations that the
right test location is closer in depth than the left test lo-
cation. This again yields a maximum error of 10 at each
of these locations. At locations 4 and 10 the slope should
be 0; that is, observers should always see the two flanking
test locations as appearing at the same depth. Since the
difference between veridical and observed responses can
vary only between 0 and +5 or 0 and —5, the maximum
error will be only 5 at these two locations. This yields a
total maximum error of 110 for all locations for the ver-
idical template. Similarly, the maximum error was 60
for the half-rectified and the flat templates and 100 for
the fully rectified template.

The template that yielded the smallest normalized er-
ror was the template shape under which we classified the
percept. If the data did not fit any of the templates (nor-
malized error >0.25 for all templates), then the shape
was classified as “other nonveridical.”
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