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Conveying Shape with Texture: experimental
investigations of texture’s effects on shape

categorization judgments
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Abstract—In this paper we describe the results of two comprehensive controlled observer experiments intended to yield insight into
the following question: If we could design the ideal texture pattern to apply to an arbitrary smoothly curving surface in order to
enable its 3D shape to be most accurately and effectively perceived, what would the characteristics of that texture pattern be?  We
begin by reviewing the results of our initial study in this series, which were presented at the 2003 IEEE Symposium on Information
Visualization, and offer an expanded analysis of those findings.  We continue by presenting the results of a follow-on study, in which
we sought to more specifically investigate the separate and combined influences on shape perception of particular texture
components, with the goal of obtaining a clearer view of their potential information carrying capacities.  In each study we
investigated observers’ ability to identify the intrinsic shape category of a surface patch (elliptical, hyperbolic, cylindrical or flat) and
its extrinsic surface orientation (convex, concave, both or neither).  In our first study we compared performance under 8 different
texture type conditions, plus 2 projection conditions (perspective or orthographic) and 2 viewing conditions (head-on or oblique). In
this study we found that: 1) shape perception was better facilitated, in general, by the bi-directional ‘principal direction grid’ pattern
than by any of the 7 other patterns tested; 2) shape type classification accuracy remained high under the orthographic projection
condition for some texture types when the viewpoint was oblique; 3) perspective projection was required for accurate surface
orientation classification;  and 4) shape classification accuracy was higher when the surface patches were oriented at a (generic)
oblique angle to the line of sight than when they were oriented (in a non-generic pose) to face the viewpoint shtraight-on.  In our
second study, we we compared performance under 8 new texture type conditions, redesigned to facilitate gathering insight into the
cumulative effects of specific individual directional components in a wider variety of multi-directional texture patterns.  In this follow-
on study we found that shape classification accuracy was equivalently good under a variety of test patterns that included
components following either the first or first and second principal directions, in addition to other directions, suggesting that a principal
direction grid texture is not the only possible ‘best option’ for enhancing shape representation.

Index Terms— Three-Dimensional Graphics and Realism, Vision and Scene Understanding.
Additional Keywords— Shape Perception, Shape Representation, Texture, Principal Directions.
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1 INTRODUCTION

UR goal, as visualization designers, is to determine
how to most effectively portray a set of data such that
its essential features can be easily and accurately un-

derstood.  When we use computer graphics techniques to
display computed or acquired surfaces, we have wide dis-
cretion over the choice and definition of the surface material
properties.  If we desire to portray a surface in a way that
best facilitates the accurate, intuitive understanding of its 3D
shape, what rendering characteristics should we choose to
most effectively accomplish this task?  The answer to this
question has significant potential relevance to a wide range
of visualization applications in which scientists need to attain
an accurate, intuitive understanding of structures defined by
complicated, smoothly curving surfaces in their data.  The
most common practice in rendering objects for visualization
purposes is to use a simple Phong shading model without
any surface texture.  Phong shading is frequently used be-
cause it is easy to implement and is the default on most sys-

tems.  However, as hinted in figure 1, smooth shading is not
optimal for all purposes and in particular is not optimal for
shape representation.  Research in shape perception has con-
sistently shown that shape understanding can be facilitated
by the presence of the right kinds of surface texture.  Unfor-
tunately, existing theories do not yet provide sufficient guid-
ance to tell us how exactly to specify a texture pattern that
can most effectively and accurately convey surface shape.

Figure 1: A close-up view of the top portion of a tooth dataset, de-
picted, from left to right, with: no texture, with an orthogonal texture
pattern following smoothed principal directions, and with an orthogonal
texture pattern following constant uniform directions in object space.

Over the past several years, we have conducted a series of
experiments [1, 2, 3] investigating the impacts of various
characteristics of surface texture patterns on shape percep-
tion.  In these studies, we have found that observers’ judg-
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ments of local surface orientation, made with a surface atti-
tude probe, are most accurate under conditions of anisot-
ropic texturing when the direction(s) of the texture anisot-
ropy are aligned with one or both of the principal directions
of curvature over the surface, as opposed to being aligned
with an arbitrary constant direction over the surface, or with
a direction that varies over the surface in a manner unrelated
to the surface geometry.  However, many questions remain.

In this paper we present the findings of our most recent
experiments in the evaluation of alternative texture patterns
for shape representation.  But before describing the current
work we provide a brief review of background material and
give an overview of previous work in shape perception from
shading and texture.

2 BACKGROUND

Researchers have long known that our ability to accurately
perceive a surface’s shape can be facilitated — or impeded
— by characteristics of shading and texture, and many
studies have been undertaken over the years to elucidate
both the nature of these effects and their possible neural or
developmental origins.

Observation tells us that shading clearly plays an im-
portant role in conveying information about the shape
structure of a surface, and research in shape from shading
suggests that shape perception is best facilitated under
conditions of “natural”, overhead, oblique illumination.
However, psychophysical experiments have indicated
striking limitations in observers’ ability to accurately infer
some types of shape information solely from the pattern of
diffuse shading over a local, smoothly curving surface
patch due to illumination by a single light source.  Erens et.
al [4] found that observers were unable to reliably disam-
biguate elliptic (egg-shaped) from hyperbolic (saddle-
shaped) surface patches from local views of smoothly
shaded quadric surface patches in which contour cues were
unavailable.  Mamassian and Kersten [5] found that when
contour cues are available in images of smoothly curving
untextured surfaces, observers appear to rely upon them
exclusively when asked to estimate local surface orientation
at points in adjacent interior patches, basically ignoring any
shape cues provided by the shading.

Numerous studies have found that shape perception can
be enhanced by the use of an appropriate surface texture
pattern in addition to shading (e.g. Todd et. al [6]).  Cum-
ming et. al [7] showed that providing appropriate texture
cues significantly enhances accurate shape perception, un-
der conditions of stereo viewing and in the presence of
visible surface contours, a result also confirmed in later
studies by our group [1].  Since it has been well established
that shape perception can be enhanced by the addition of
appropriate texture under generic viewing and shading
conditions, it is without loss of generality that we restrict
our investigations in the present study to the particular case
of a tightly controlled set of stimuli in which shading and
contour cues do not play a significant role in indicating
shape information.

3 PREVIOUS WORK

Because reliable computer graphic techniques for ap-

plying arbitrary given texture pattern to an arbitrary dou-
bly curved surface have only recently been developed, e.g.
[8], research on shape perception from texture has generally
been somewhat restricted, either to developable surfaces
[e.g. 9,10] (surfaces which can be rolled out to lie flat on a
plane), to patterns projected onto surfaces from a particular
direction [e.g. 11], or to solid textures [e.g. 6] (whose fea-
tures are generally independent of the shape of surface that
is carved out of them).  Although there are many open
questions that still exist about the impact of surface texture
on shape perception, many important insights have also
already been achieved.

Recent findings support the idea that the facilitating ef-
fects of the presence of texture depend not only upon the
intrinsic characteristics of the texture pattern itself, e.g. [12]
but also upon how the pattern is laid down over the surface
[1,10,13].

Stevens [14] and Mamassian and Landy [15] have sug-
gested that observers may be biased toward interpreting
lines on surfaces as if they were following the principal di-
rections.  Li and Zaidi [10,13] have found that two condi-
tions are necessary for the perception of 3D shape from
texture: 1) when the surface is viewed straight-on, the tex-
ture pattern must have a considerable amount of energy
along the direction of maximum curvature and 2) the sur-
faces must be viewed with noticeable perspective.  How-
ever the task that they used to measure shape perception,
discriminating which of two adjacent points is more dis-
tant, actually only provides coarse information about the
perceived direction of surface slant.  This is sufficient for
determining whether observers can differentiate convexities
from concavities, but does not capture all of the information
that we might like to know about shape perception.

Other researchers have downplayed the importance to
shape understanding of specific texture pattern character-
istics such as alignment with the principal directions, ar-
guing that these conditions are not always the necessary
factors in conveying information to observers and demon-
strating that surface shape can be reliably inferred from a
very wide range of texture patterns.  Appearing to contra-
dict Li and Zaidi, Todd and colleagues [11,16] show that
there is some shape information available under ortho-
graphic projection.  They also describe examples in which
texture elements appear able to reveal the underlying shape
of an object even though the texture pattern itself lacks sig-
nificant energy in any particular direction.  Todd et. al fur-
thermore argue that surfaces which do not have gradual
orientation changes relative to the viewing direction are
degenerate for providing information about 3D shape from
gradients of texture compression.

A complicating factor in this debate is the lack of stan-
dard, reliable, universally accepted metrics for evaluating
shape perception.  Various tasks that have been used in the
past are: 1) manipulation of a surface attitude probe, indi-
cating an estimate of the direction in which the surface
normal is pointing, individually measured at a single loca-
tion on the surface [17]; 2) determination of which of two
points is farthest away, qualitatively indicating whether a
surface appears to be tipping forward or backward in the
direction between the two points [e.g. 10]; 3) identification
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of the quadrant in which two surfaces differ in shape [e.g.
2]; and 4) identification of the shape category of a surface
patch [4].

In our own previous work we have found indications
that surface attitude judgments are significantly more accu-
rate [1] and surface shape discrimination thresholds signifi-
cantly reduced [2] under conditions of principal direction
texturing, as compared to conditions of texturing with an
anisotropic pattern whose orientation is either uniform in
object space or follows a non-geodesic path within the sur-
face.  In the current studies we sought to compare alterna-
tive principal direction oriented patterns.  First, we sought
to determine whether a pattern containing oriented ele-
ments aligned with both the first and second principal di-
rections would show shape more effectively than a singly-
oriented pattern aligned only with the first or the second
principal direction.  In a previous study [3] we had found
indications that this might be the case, but our results were
below significance at the 95% level.  In the current experi-
ments we also sought to investigate the impact on shape
perception of employing patterns containing elements sys-
tematically oriented at an oblique angle to the principal
direction(s).  Such textures might implicitly encode the
principal directions, but the eye would be drawn by these
texture to follow lines over the surface that are significantly
different from the principal directions, and the possibility
would exist that observers might interpret the information
provided by these oblique lines as if it were provided by
lines oriented in the principal directions even though it was
not.  Finally, we were also interested in testing the claim by
Li and Zaidi that accurate shape perception requires per-
spective projection.  Like Todd, we had accumulated some
anecdotal evidence that shape perception might be still
possible even under conditions of orthographic projection,
and we were interested to pursue this question further.

4 EXPERIMENT 1
In our first experiment, we set out to answer the following
questions:  Is it possible that observers will be able to relia-
bly discriminate between elliptic, hyperbolic, and cylindri-
cal patches under conditions where surface texture – in the
form of a pattern of luminance variations - is present in
addition to shading?  Will it be the case that shape category
identification is enabled under some texture conditions but
not others?  If this were to be the case, it would provide us
with a useful method for differentiating texture patterns
that have a greater potential to be helpful in facilitating
shape perception from texture patterns that do not.

4.1 Method

4.1.1 Design
In this study we used a within-subjects design, in which
participants were asked to perform two four-alternative-
forced-choice tasks.  The first task was to identify the intrin-
sic shape of a surface patch shown in an image as one of the
following four types: ellipsoid, cylinder, saddle, or flat.  The
second task was to identify the orientation of the surface as
being convex or concave (or ‘both’, if the shape type was
saddle, or ‘neither’ if the shape type was flat).  We used
eight different texture patterns, described in the next sub-

section, two different viewing conditions (straight-on and
oblique), and two different projection conditions: perspec-
tive and orthographic.  To control for orientation dependent
effects we also rotated each image stimulus in the plane
over repeated trials, using two rotations – 0° and 90° – for
the axisymmetric straight-view images, and four rotations –
0°, 90°, 180° and 270° – for the oblique view images.

4.1.2 Stimuli

Our surface stimuli for this study consisted of simple quad-
ric patches.  We constructed the patches as height fields
defined by the parametric equations for each of the follow-
ing shape categories: ellipsoid, elliptical cylinder, saddle,
and flat, being careful to use consistent coefficients between
shape types to ensure that the curvatures of each patch
were as consistent as possible.  We determined the first and
second principal directions analytically at each of the verti-
ces in the surface meshes using the parametric formulas.

We used the algorithm developed by Gorla et al. [8] to
synthesize each of the eight sample patterns shown in fig-
ure 2 over each of our test surfaces in such a way that the
final surface texture was everywhere seamless and nondis-
torted, and locally aligned with the principal direction co-
ordinate frame at a per-pixel level.  Because we were inter-
ested in looking at both the convex and concave orienta-
tions of each patch, we textured both sides of each surface.
The eight patterns that we chose can be described as fol-
lows: 1-directional, (elongated in the first principal direc-
tion), 1-directional rotated clock-wise 45 degrees (diagonal
to the first principal direction), 1-directional rotated clock-
wise 90 degrees (to be aligned with the second principal
direction), 2-directional (indicating both the first and sec-
ond principal directions),  2-directional rotated clock-wise
45 degrees, 3-directional (encoding the first and second
principal directions plus a diagonal direction), swirly
(turning in the surface) and filtered white noise (isotropic).

Figure 2: The sample texture patterns used in the study.  When applied

to the surfaces, the vertical direction in each pattern is aligned with the

first principal direction over the surface.

The surface stimuli were imaged using two different
fixed viewing directions: head-on and oblique, and two
different projection types: perspective and orthographic.

For each viewing configuration, we determined a fixed
camera position from which we could obtain a snapshot of
each surface patch in which no edges were visible, yet in
which a sufficiently large portion of the surface interior
remained visible.  We took great pains to define viewing
parameters that were as nearly identical as possible across
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the different surface types, and between the convex and
concave views of each surface.  Unfortunately it was not
possible to find a single camera position that worked for all
situations, and an exception was necessary in the case of the
oblique views of the convex and concave ellipsoids.  Figure
3 shows thumbnail images of some of the surface stimuli.

All surfaces were subtly shaded using a standard Phong
illumination model with an oblique directional light source.

4.1.3 Procedure
Participants recorded their choices by pressing a button on
the screen interface using the mouse.  The buttons for the
shape type were located directly above the buttons for the
surface orientation.  We set up the interface to automatically
select  the  orientation  option  ‘both’  if  the  observer  chose  the
shape type ‘saddle’, and the orientation option ‘neither’ if
they chose ‘flat’.   The interface required participants to

Figure 3: Thumbnail images of some of the 592 sample stimuli used in the experiment.  Top: convex orientation, straight-on view and perspective
projection; Middle: concave orientation, oblique view and perspective projection; Bottom: convex orientation, oblique view, orthographic projection.
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respond to each question before moving on to the next trial,
and did not allow returning to previous trials.  No feedback
was given.  There were 592 trials in total, and participants
were shown a white noise image between trials.

The images were displayed on a 21-inch CRT monitor,
one at a time.  The pixel resolution of the monitor was
1600x1200.  Image resolution was 1000x1000.  Observers
freely viewed the images under standard room lighting
conditions.  There was no time limit associated with the
trials, and rest breaks were enforced at regular intervals.

A total of 8 observers – 5 males and 3 females, ranging in
age from 17-50 – participated in the first study.  Five were
naive to the purposes of the experiment, and were compen-
sated for their conscientious efforts.  Among this group was
a high school student and a professional graphic artist.
Three were members of our research team.  (We noticed no
significant differences in patterns of performance between
these different categories of observers.)  Five of the observ-
ers completed the full set of trials, which included images
from all conditions presented in random order.  The three
other observers completed a reduced version of the ex-
periment, which involved only the perspective projection
condition.  All observers had normal or corrected-to-normal
visual acuity and had no known visual abnormalities.  To
avoid inadvertently introducing biases, we relied on writ-
ten instructions, which we had our participants read, along
with their consent form, before they began the study.  Be-
cause of the simple nature of the task, that strategy worked
well for this situation.

4.1.4 Training

Prior to the experiment, participants were asked to visually
and haptically inspect a set of hand-sculpted clay objects
representing all possible combinations of shape category
and orientation.  The shape information was labeled on the
surfaces in pencil, to avoid the necessity of any verbal ex-
planation that might have inadvertently biased the observ-
ers to give special attention to the principal directions.
Participants were allowed as much time as they needed to
become familiar with the definitions of the four shape cate-
gories and surface orientations, and they were free to refer
back to the models at any time during the experiment.  Fig-
ure 4 shows a snapshot of the training surfaces.

Figure 4: The training surfaces.

4.2 Findings
The charts in figures 5-8 summarize some of the main
findings of our first experiment.  The error bars in these
charts indicate the standard errors of the means.

We performed a 5-way analysis of variance on the re
sults, looking at the true positive rate for correct shape
identification as a function of subject x texture_type x
shape_type x projection x view.  We found significant main
effects for all five variables: subject (F4,4640=9.969, p<<0.001),
texture_type (F7,28=16.62, p<<0.001), shape_type (F2,8=5.187,
p<0.05), projection (F1,4=53.27, p<0.01) and view (F1,4=79.27,
p<0.01).  What this means is that the rate of correct shape
identification was significantly different for different ob-
servers, different textures, different surface types, different
projections and different views.

We also found significant two-way interactions between
subject and {texture_type, shape_type, projection and
view}, as well as between texture_type and shape_type
(F14,5 6=5.781, p<<0.001), texture_type and projection
(F7,28=3.135, p<0.05), and shape_type and projection
(F2,8=6.234, p<0.05), as well as many 3-way and 4-way inter-
actions between various combinations of variables.  What
this means is that certain people systematically performed
better than others under specific conditions, and that rates
of correct shape identification were systematically different
under particular combinations of variables.

To gain more insight into the nature of the various sig-
nificant main effects, we performed a series of Tukey HSD
(“honest significant difference”) post-hoc analyses.  The
results of the main analysis are summarized in figure 9,
which shows the coefficients of the effects of the separate
texture types, color coded to indicate areas of overlap in
significance.  We can see that when results are pooled
across all three meaningful shape types, shape categoriza-
tion accuracy is significantly better with the 2dir texture
pattern than with any of the other patterns tested.  Not
shown in chart form are the results of the HSD analyses on
projection and view, which showed that shape classification
accuracy is significantly (31%) better under perspective
than orthographic projection (coeffs = {-0.157 orthographic,
0.157 perspective}, p<<0.001), and significantly (22%) better
for oblique than straight views (coefficients= {-0.11 straight,
0.11 oblique}, p<<0.001).

Looking separately at the results for the ellipsoid, saddle
and cylinder stimuli, we can gain some deeper insight into
the details of the effects of texture on shape categorization
accuracy in these cases.  In the post-hoc analysis we found
that shape classification accuracy was significantly better
(p<0.05) for the doubly curved (generic) surfaces (ellipsoids
and saddles) than for the singly curved (non-generic) sur-
faces (cylinders).  We ran a 3-way ANOVA separately on
the subsets of ellipsoid and cylinder stimuli, looking at
shape classification accuracy as a function of subject x tex-
ture x orientation (convex vs. concave), and found a signifi-
cant main effect of orientation in the case of the ellipsoids
(F1,7=7.936, p<0.05) but not cylinders (F1,7=2.25, p=0.1773).
The post-hoc analysis showed that in the cases of the ellip-
soids the accuracy of shape category judgments was signifi-
cantly better with the convex surface orientations than with
the concave orientations.
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Figure 5:  Summary chart showing overall rates of shape classification
accuracy, averaged over the three surface shape conditions: ellipsoid,
cylinder and saddle, broken down by texture type, projection type (per-
spective or orthographic), and viewpoint (straight-on or oblique).

Figure 6:  Rates of correct shape classification of ellipsoids (with re-
sults pooled over the convex and concave orientations), broken down
by texture type, projection type (perspective or orthographic), and
viewpoint (straight-on or oblique).

Figure 7: Rates of correct shape classification of saddle surfaces, bro-
ken down by texture type, projection type (perspective or ortho-
graphic), and viewpoint (straight-on or oblique).

Figure 8: Rates of correct shape classification of cylinders (with results
pooled over the convex and concave orientations) broken down by
texture type, projection type (perspective or orthographic), and view-
point (straight-on or oblique).

Figure 9:  Contrast coefficients from the Tukey HSD comparison of the
effects of texture type on shape classification accuracy.  Components
containing the same color are statistically similar at p<0.05.

It can be seen in figures 5-9 that accurate shape classifi-
cation rates remained at levels significantly above chance
under some of the more impoverished, non-generic and
non-ecological projection and viewing conditions, particu-
larly in the cases when the 2dir pattern was used.  How-
ever, finding that shape categorization was significantly
better, overall, for the stimuli imaged under the generic
conditions of perspective projection and oblique viewing,
we decided that for greatest generality we would focus our
further efforts on this subset of the data in particular.

Figure 10 shows the results of the application of the
Tukey HSD analysis on the effects of texture type to the
data from the ellipsoid, cylinder and saddle shape classes
separately.  It is clear that different texture components are
critical in facilitating shape understanding in each of these
three cases.  In particular: accurate identification of ellip-
soid stimuli is particulary poor under the one-directional
texture pattern conditions; accurate identification of saddle
surfaces is better under any of the tested directional – as
opposed to non-directional – pattern conditions, with the
exception of 1dir90; and accurate perception of cylinders is
particularly impeded when a diagonal pattern is applied.



AUTHOR ET AL.:  TITLE 7

Figure 10:  Contrast coefficients from the Tukey HSD comparison of
the effects of texture type on shape classification accuracy. Limited to
the perspective/oblique stimuli and broken down by shape category.
Color coding indicates statistical similarity (p<0.05).

Figure 11: An alternative representation of shape classification accu-
racy, under conditions of perspective projection and oblique viewing,
broken down by texture type (with results pooled over the convex and
concave orientations).

Further insight into the experimental results can be found
through an examination of the rates of false positive as well
as true positive responses.  Figure 11 plots the true and false
positive rates for the perspective/oblique stimuli, broken
down separately by shape category.  Ideal classification
under a particular texture type condition would result in a
point at (0,1), in the upper left corner of these graphs, corre

-

sponding to a situation in which there is a 100% true posi-
tive classification rate associated with that surface category
and texture type and a 0% false positive classification rate.
If observers are “over guessing” a particular shape category
when a particular texture pattern is used — a situation that
might arise, for example, with texture patterns that mask
shape information and hence invite abundant erroneous
indications of the shape type ‘flat’ — that event would
show up in these charts as an elevated rate of false positive
responses, which would place the point encoding the per-

formance under that texture condition farther horizontally
to the right in the chart.  As in the previous set of charts, the
vertical height of each data point the image is determined
by the magnitude of the true positive response rate.

In figure 11, we can clearly see high false positive rates
for cylinder classification in the three unidirectional condi-
tions, indicating that observers may be tending to interpret
surface curvature components as flat when reliable cues to
the curvature in these directions are absent.  False positive
rates for saddle classification are generally low, except in
the case of the 1dir texture, probably due to the misclassifi-
cation of concave ellipsoids as saddles when the 1dir pat-
tern contains prominent sets of nearly parallel curves of
opposing sign that resemble the contour edges of a hyper-
bola.  Finally, false positive rates for ellipsoid classification
are relatively highest in the case of patterns that trace out
curves diagonal to the principal directions, under which
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conditions cylindrical patches are most likely to be misper-
ceived as being doubly curved.  When a texture pattern is
associated with a high false positive rate, it is an indication
that use of that pattern can lead to systematically mislead-
ing interpretations under certain conditions, which is
something that we would like to avoid.

Using the representational approach shown in figure 11,
it is easier to see the previously summarized main result,
obtained from the post-hoc analysis, that shape classifica-
tion accuracy, both in the general case and in the particular
case of the perspective/oblique view, is often better, and
never significantly worse, under the 2dir texture condition
than under any of the other texture conditions studied.

To summarize, the main findings thus far are: 1) confir-
mation of the hypothesis that texture type has a significant
effect on shape perception, with indications that shape clas-
sification accuracy is generically highest under the princi-
pal direction grid texture condition; and 2) confirmation of
the hypothesis that shape perception is particularly facili-
tated under conditions of perspective, as opposed to ortho-
graphic, projection, while recognizing that shape classifica-
tion rates remain well above chance for many textures in
orthographic images when the view direction is oblique.

We now discuss the findings of our second set of results
from the present experiment.  To analyse these results we
performed a 6-way ANOVA looking at rates of correct sur-
face orientation identification (convex vs. concave) as a
function of subject x texture_type x shape_category x pro
jection x view x image_rotation over the ellipsoid and cyl-
inder data.  We found significant main effects for shape
category (F1,4=18.03, p<0.05), projection (F1,4=62.58,  p<0.01),
and image rotation (F3,12=5.334, p<0.05), and significant
two-way interactions between subject and texture type,
texture type and shape category, shape_category and pro
jection, and shape_category and view, as well as assorted
significant 3-way, 4-way and even 5-way interactions be-
tween various variables.  High rates of correct surface ori-
entation judgments are associated with use of the strongly
directional texture patterns (1dir, 2dir, 2dir45, 3dir and
1dir90 in that order) and orientation judgments are poorest
with the non-directional patterns ‘swirly’ and ‘noise’.  Sur-
face orientation judgements are significantly more accurate
for the ellipsoid shapes than the cylinders (p<0.05; coeffi-
cients = {-0.0523 cyl and 0.0523 ell}).

Most significantly, surface orientation judgments criti-
cally depend on the use of perspective projection (p<0.05;
coefficients = {=0.249 orthographic and 0.249 perspective}).
Convex orientations cannot be distinguished from concave
orientations under conditions of orthographic projection.
This result is clearly illustrated in the charts shown in fig-
ure 12.  Here we can see that rates of correct classification of
surface orientation are excellent when a perspective projec-
tion is used but abysmal under orthographic projection,
where not only is there confusion between convex and con-
cave orientations but also a greater tendency to perceive the
shapes as flat.  Please note that the apparent asymmetry
between the convex and concave conditions in the chart on
the upper right is most likely an artefact of inconsistencies
in the particular oblique viewing directions used in these
two cases.  The surface orientation classification results for

cylinder surfaces closely parallel the results found in the
elliptical case.

Figure 12: Rates of correct classification of surface orientation, for
ellipsoids and cylinders, using results pooled over all texture types.

4.3 Discussion
The most interesting results from the first experiment

are the findings that:
1) Shape classification accuracy rates are highest, in the

general case, when surfaces are textured with the bi-
directional pattern that follows the two principal directions
(2dir).  Looking at subsets of the results in detail we found
no case in which shape classification was significantly
worse with the 2dir texturing than with any other texturing
condition.  In most, but not all, cases, classification accuracy
was significantly better with the 2dir texture than with the
other patterns.  The 2dir texture was the only texture
among those studied that gave consistently reliable per-
formance under conditions where accuracy was possible.

2) High rates of shape classification accuracy were
achieved under some texture conditions despite the use of
orthographic projection, if the surface was viewed from an
oblique vantage point.  In addition, shape classification ac-
curacy was as good with the oblique/orthographic viewing
as with the perspective/straight viewing, for many texture
types.  However, shape classification accuracy was abysmal
under orthographic projection when the view direction was
directly head-on to the surface, due to the loss of critical
surface orientation cues in the stimuli because of the non-
generic viewing condition.
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Other interesting observations from the experiment are:
1) The diagonal textures caused particular problems for

cylinder recognition.  Results for ellipsoids was mixed: the
2dir45 texture worked well, but the 1dir45 pattern did not,
presumably because it lacked the ability to convey curva-
ture along more than one direction.

2) The noise and swirly textures performed best in the
case of the ellipsoid surfaces, possibly because they exhib-
ited the strongest gradients of texture spatial frequency due
to distance (noticeable only under perspective projection).

3) The textures that followed just one of the principal di-
rections frequently caused ellipsoids and saddles to be mis-
perceived as cylinders, and sometimes (especially with or-
thographic projection or head-on viewing) caused cylinders
to be misperceived as flat.

4) The three-directional texture seemed to work fairly
well on the ellipsoid and saddle surfaces, but not as well on
the cylinders.  One possibility is that the presence of the
diagonal component in the 3dir texture is interfering with
shape perception in the cylinder case in the same way that
it does in the 1dir45 case, which didn’t include the pdir
components.  However a potentially complicating factor is
that this texture, being drawn from a photograph, is slightly
less rigidly regular then the other directional patterns,
which were created artificially.  Hence, it also could be the
case that people were using a slightly different strategy
when making classification judgments based on this tex-
ture.  The conservative conclusion from the first experiment
is therefore that adding information along more directions
in addition to the principal direction does not appear to be
100% safe – there was not strong evidence of a positive ef-
fect, and there was possible evidence of a negative effect.

5. EXPERIMENT 2

5.1 Motivation
Although we were very pleased with the results we had
obtained in the first experiment, there were several linger-
ing questions from that experiment that we wanted to more
directly address.  The first concerned subtle doubts we had
about the strength of our ability to reliably infer, from the
results of that experiment, that there could be no inherent
advantage in employing a texture that contained, in addi-
tion to indications of the first and second principal direc-
tions, a component oriented in a third direction oblique to
those other two.  The source of these doubts was twofold.
First, in previous research seeking insight into the question
of whether textures that followed two principal directions
might inherently be better suited to showing shape than
textures that followed only one, we had discovered that not
all principal direction textures were equally effective for
showing shape, and that subtle differences in texture char-
acteristics could have significant impact on shape percep-
tion judgments.  Second, we recognized that the particular
texture pattern we had selected to exemplify the three di-
rectional case was a natural texture that we had aquired
from the Brodatz album[18].  As such, it inevitably con-
tained, and afforded the tolerance of, very subtle irregu-
larities in the directions implied by the texture striations.
Might it be possible that our finding that the 2dir pattern
outperformed the 3dir pattern could be partly explained by

this difference in texture character, leaving open the possi-
bility that a different 3dir texture, which offered less affor-
dance to the toleration of subtle irregularities, might yet
have the potential to outperform the 2dir grid?

The second lingering question that motivated us to pur-
sue a follow on experiment was the desire to look more
closely and more rigorously at the nature and strength of
the separate and combined contributions to shape under-
standing provided by each of the individual components in
the multi-directional textures.

5.2 Design, Stimuli and Procedure

With these goals in mind, we defined a new set of texture
patterns, built up incrementally from primary unidirec-
tional components.  Figure 13 shows six of the seven pat-
terms used: 1dir, 1dir45, 2dir, 2dir45, 3dir1(=2dir+1dir45),
and 3dir2(=2dir45+1dir).  Pattern 1dir90 is not shown.  Ob-
viously this is not a complete enumeration of all possible
combinations of uni-directional components, but because of
practical considerations we needed to keep the number of
different textures to a reasonable size, and we felt that this
subset of patterns was sufficiently representative for the
purposes of our investigations.

Figure 13: Six of the texture patterns used in our second experiment.

We used the same method of stimulus preparation we in
our second experiment as in our first, except that this time
we took exceptional pains to obtain synthesis results that
were as perfectly regular and free of artifacts as possible.
For reasons that are still not completely clear, we found that
attaining good synthesis results for the 3dir patterns proved
far more difficult than expected.  Figure 14 shows the 2dir1,
3dir1, 2dir45, and 3dir2 patterns synthesized over the con-
vex and concave elliptical and cylindrical surface patches,
as well as the saddle and flat surfaces.  We restricted our
investigations in the follow-on study to the conditions of
perspective projection and oblique viewing.  
We recruited eight participants for our second study, two of
whom had participated in the first study.  The others were
naïve to  the research goals of the experiment.  Participants
viewed a total of 8x4x6=192 images: 8 texture types x 4
shape types x (2 orientations and 4 image rotations) for the
ellipsoids and cylinders, or (1 orientation and  2 image ro

-

tations) for the saddles and planes.  Participants made the
same shape classification and surface orientation  judg-
ments as before, though we only considered the shape clas-
sification responses in our analysis.
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                         Figure 14: Example surface stimuli from our second experiment.

5.3 Findings

We carried out a 3-way ANOVA analysis (subject x tex-
ture_type x shape_type) on the combined results across all
image rotations.  We found significant main effects of sub-
ject (F7 , 9 5 2=3.491, p<0.01), texture_type (F6,42=36.94,
p<<0.001) and shape_type (F2,14=14.77, p<0.001), and sig-
nificant two-way interactions between subject x
shape_type, and texture x shape_type.   Using the same
Tukey HSD analysis as before, we found that shape classifi-
cation accuracy rates were significantly better for the saddle
surfaces than for the ellipsoids and cylinders (p<0.05; coeffs
= {-0.103 cyl, -0.0424 ell, 0.145 sad}).  In subsequent analysis,
running the ANOVA on subject x texture x orientation, we
found a marginally significant main effect of surface orien-
tation on correct shape judgment in the case of the ellip-
soids (F1,7=5.072, p=0.05902), where the convex stimuli fa-
cilitated accurate shape categorization judgments to a
greater extent than the concave stimuli (p<<0.001) but we
did not find a significant effect of surface orientation in the
case of the cylinders (F1,7=0.9547, p=0.3611).  The charts in
figures 15-17 show details of our findings, using similar
presentation formats as earlier.

The main significant, unexpected and surprising finding
that we got from our second experiment is that perform-
ance was no longer best under the 2dir pattern condition in
all cases.  For correct recognition of cylinders, the 2dir tex-
ture was significantly outperformed by the 1dir, 3dir1 and
3dir2 patterns.  Shape classification accuracy was also as

good or better with the 3dir patterns in most other cases.

Figure 15: Results from the Tukey HSD analysis on the effects of
texture type on shape classification accuracy in experiment, pooling
results over all shape categories.

5.4 Discussion

There are several possible explanations for these startling
results.  One is that there were some subtle differences in
the 2dir patterns used in first and second experiments, and
the first principal direction line features appeared to be less
prominent in some of the second set of images than in the
first.  Loss of this important signal in critical portions of the
images might explain some of the observed effect.
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Figure 16: Results from the Tukey HSD analysis on the effects of
texture type on shape classification accuracy in experiment 2.

Figure 17: Charts showing shape classification accuracy results.

However, after the initial shock of the discovery wore
off, a more intriguing possibilility occurred to us.  Perhaps
we had been too quick to put our faith in the inherent supe-
riority of the principal direction grid pattern.  It could be
possible that the 1dir90 component in and of itself contrib-
utes remarkably little to shape perception — so little that
replacing it with other balanced components, also capable
of conveying distances along first principal direction, might
enable showing shape as well or better.

This raises the importance of the issue of more rigor-
ously determining how our visual system might go about
constructing an inference of 3D shape from the information
carried by the image of the flow of a texture pattern over
the surface.  Many researchers, such as Stevens [14] and
Mamassian and Landy [15] have speculated that the visual
system has a prior bias to interpret lines on a surface as if
they were following the principal directions.  But, this is a
fairly strong assumption, and one that is not easily ex-
plained by any ecological theories of perception.  It seems

reasonable to infer that veridical shape perception might be
optimal in the presence of a pattern containing indications
of the intrinsic surface curvature in the first principal direc-
tion because images from a generic viewpoint of lines in
any other direction would be less curved and hence give
rise to a perception of the surface as being more flat.  But
this logic does not necessarily point to an important role for
the second principal direction in shape perception, aside
from the non-generic case in which the local shape has zero
Gaussian curvature and the indication of the straight lines
in the 2nd princpal direction becomes a strong indication of
the surface flatness.

An alternative possibility is that our interpretation of a
doubly curved surface is indicated by the presence of cer-
tain critical skeletal shape features, such as the presence of
pairs of curved lines that might plausibly lie in the surface.
An indication of two non-intersecting lines that curve to-
wards each other to enclose a convex region may be suffi-
cient to create an impression of a local elliptical patch.  An
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indication of two non-intersecting lines that curve away
from each other may be sufficient to create an impression of
a saddle-shaped region.  If only one direction of curvature
is implied, that may produce an impression of a cylinder.

6 CONCLUSIONS

In previous studies, reported elsewhere, we had found that
observers’ judgments of local surface orientation, made
with a surface attitude probe, were most accurate under
conditions of anisotropic texturing when the direction(s) of
the texture anisotropy were aligned with one or both of the
principal directions of curvature over the surface, as op-
posed to being aligned with an arbitrary constant direction
over the surface, or with a direction that varied over the
surface in a manner unrelated to the surface geometry.

In the current studies, we adopted an alternative metric
for evaluating texture’s impact on shape perception: com-
paring the relative accuracy with which observers were able
to identify the intrinsic shape type (elliptical, cylindrical,
hyperbolic or flat) and surface orientation (convex, concave,
both, or neither), in close-up views of analytically-defined
surface patches under a variety of different principal direc-
tion texture pattern conditions, plus two control texture
conditions, under both perspective and orthographic pro
jection and from both a head-on and an oblique viewpoint.

The most significant result of our present studies was to
confirm the hypothesis that accurate shape perception is
facilitated to a statistically significantly greater extent by
some principal direction texture patterns than by others.  In
our first study we found that, under conditions of perspec-
tive projection for both viewpoint conditions, correct identi-
fication of both the shape type and surface orientation of
the stimuli were best facilitated when the textured quadric
patch was shown with a pattern that contained indications
of both the first and second principal directions.  In our
second study, we found indications that surface shape clas-
sification judgments may hinge on the presence or absence
of critical ‘shape indicators’ – lines, implied or explicit, that
‘sketch out’ the essential structural features of a form and
which appear to be preferentially interpreted in a manner
consistent with what would be the case if they followed a
line of curvature on a convex form.

We believe that adopting an approach to evaluating
shape perception that considers the understanding of in-
trinsic surface shape separately from extrinsic surface ori-
entation, as has been previously suggested by Koenderink
[19], can be valuable in enabling alternative possibilities for
gaining deeper insight into the shape-from-texture process.
Our finding that observers retained the ability, under many
of the tested principal direction texture conditions, to make
correct shape classification judgments in the absence of per-
spective projection offers a counterpoint to previous asser-
tions that texture cannot carry shape information in the
absence of perspective projection.

These are among the earliest studies that have sought to
systematically investigate the effects of oriented texture
components on shape perception for doubly curved sur-
facess. They have provided important insights but have
also raised intriguing questions. Much work clearly re

-

mains to be done before the question of how best to define

a surface texture to facilitate accurate shape perception can
be definitively answered.
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