
ARTICLE IN PRESS
www.elsevier.com/locate/visres

Vision Research xxx (2005) xxx–xxx
The effects of field of view on the perception of 3D slant from texture

James T. Todd *, Lore Thaler, Tjeerd M.H. Dijkstra

Department of Psychology, The Ohio State University, 142 Townshend Hall, Columbus, OH 43210, USA

Received 19 October 2004; received in revised form 21 December 2004
Abstract

Observers judged the apparent signs and magnitudes of surface slant from monocular textured images of convex or concave dihe-

dral angles with varying fields of view between 5� and 60�. The results revealed that increasing the field of view or the regularity of

the surface texture produced large increases in the magnitude of the perceptual gain (i.e., the judged slant divided by the ground

truth). Additional regression analyses also revealed that observers slant judgments were highly correlated with the range of texture

densities (or spatial frequencies) in each display, which accounted for 96% of the variance among the different possible dihedral

angles and fields of view.

� 2005 Published by Elsevier Ltd.
1. Introduction

In an influential series of articles that were first pub-

lished over 50 years ago, Gibson (1950a, 1950b) intro-

duced the concept of texture gradients as a potential
source of optical information for the perceptual specifi-

cation of 3D surface structure. The image in Fig. 1 pro-

vides a compelling example of the perceptual salience of

this information. Note how the pattern of texture ele-

ments produces the appearance of a smoothly curved

surface with well defined regions of concavity and con-

vexity. There are several local measures of optical tex-

ture that have been discussed in the literature as
possible cues for the analysis of 3D shape (e.g., see Går-

ding, 1992), and the left panel of Fig. 2 defines four of

the most common ones, which will be referred to here

as length (k), width (x), area (a), and foreshortening

(/). The right panel of Fig. 2 shows how these measures

vary systematically in an image as a function of surface

depth and orientation. Gibson argued that it is the pat-

tern of these systematic variations (i.e., the gradients)
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that provides useful information about 3D surface

structure.

In an effort to model this intriguing aspect of human

perception, researchers in computational vision have

developed numerous mathematical algorithms that are
designed to estimate the 3D structure of surfaces from

patterns of optical texture (e.g., Aloimonos, 1988; Blake

& Marinos, 1990; Brown & Shvaytser, 1990; Clerc &

Mallat, 2002; Davis, Janos, & Dunn, 1983; Gårding,

1992, 1993; Kanatani & Chou, 1989; Malik & Rosen-

holtz, 1997; Purdy, 1958; Super & Bovik, 1995; Witkin,

1981). It is interesting to note, however, that the vast

majority of these algorithms do not make use of gradi-
ent information, as originally suggested by Gibson.

Rather, they estimate local slant from the foreshortening

of individual texture elements or a statistical sample of

surface markings within a limited local neighborhood.

These models assume that variations in reflectance on

a surface are statistically isotropic—i.e., that they are

approximately equal in all directions. Thus, any devia-

tion from isotropy in the projected image of a texture
can be used to estimate the direction and magnitude of

local surface slant.

It is only quite recently that models have been devel-

oped that come closer to Gibson�s original conception
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Fig. 1. A pattern of optical texture that is perceptually interpreted as a

smoothly curved 3D surface.
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Fig. 2. Local properties of optical texture. The left panel defines four

different attributes of optical texture elements that could potentially

provide useful information about the 3D structure of an observed

surface. Variations of texture length are often referred to in the literature

as scaling gradients, and, when the elements are aligned in depth, as

linear perspective or gradients of convergence. The term compression

has also been used by some authors to describe texture width, whereas

others use this same term to describe texture foreshortening. The right

panel shows how these local texture attributes are affected by changes in

surface depth and orientation. Note that changes in orientation have a

minimal effect on texture length, and that changes in depth have a

minimal effect on texture foreshortening.

1 Another way of characterizing the differences between the left and

right panels of Fig. 3 is that they have different degrees of perspective.

The perspective of a scene is typically defined as a ratio between the

depth of its nearest point and the depth of its farthest point

(Braunstein & Payne, 1969). When a planar surface is observed from

a fixed vantage point, the magnitude of perspective varies systemat-

ically with the field of view.
2 Eqs. (2)–(6) are based on a type of projective geometry called weak

perspective, in which distortions of optical texture elements as a

function of changes in depth or orientation are limited to affine

transformations (see also Malik & Rosenholtz, 1997). For example, in

weak perspective the optical projection of a square texture element

would always be a parallelogram, whereas in strong perspective it

could also be a trapezoid. In most natural viewing contexts, the

differences between weak and strong perspective are negligible. They

can diverge significantly, however, when individual texture elements

have large angular extents.

2 J.T. Todd et al. / Vision Research xxx (2005) xxx–xxx

ARTICLE IN PRESS
by explicitly analyzing gradients of optical texture (Clerc

& Mallat, 2002; Gårding, 1992, 1993; Malik & Rosen-

holtz, 1997). These gradient based algorithms estimate

surface slant or curvature by comparing patterns of opti-

cal texture across different local neighborhoods. For

example, the model developed by Malik and Rosenholtz

(1997) is based on an assumption that the texture on a

physical surface is statistically homogeneous—i.e., that
it is invariant over translation—and it estimates the 3D

shape of a surface by measuring local affine deformations

of the texture within neighboring patches of a visual im-

age. This approach works well for planar or singly

curved surfaces, but it is not easily generalized to doubly

curved surfaces, except in the special case where curva-

ture is approximately the same in all directions.

Which class of models is most representative of human
perception? Fig. 3 provides a simple demonstration that

may be helpful for evaluating this issue. When the image

in the left panel is presented to naı̈ve observers, they al-

most always report a perceptual appearance of an approx-

imately planar surface that is slanted in depth. In the
absence of other evidence, it cannot be determined

whether the apparent slant of this surface is due to the

foreshortening of individual texture elements or the

systematic variations in the sizes and shapes of these

elements. However, it is possible to manipulate these dif-

ferent sources of information independently of one an-
other. As will be described in more detail below, the

variations in optical texture on planar surfaces are primar-

ily determined by the depicted field of view (FOV). For

example, the image in the left panel of Fig. 3 was rendered

with a camera angle of 60�. The right panel of this figure
shows exactly the same surface at exactly the same viewing

distance. The only differences are that the depicted field of

view has been decreased to 5�, and the size and spacing of
the polka dots has been reduced so that the visible surface

region has approximately the same number of elements as

in the left panel.1 Note that the texture elements are still

noticeably foreshortened, but that the reduced field of

view has effectively eliminated any detectable texture gra-

dients. When the image in the right panel is presented to

naı̈ve observers, they never report the perceptual appear-

ance of a surface slanted in depth, thus suggesting that
the presence of visible gradients may be essential for the

perception of 3D shape from texture.

To better appreciate the various factors that can

influence the magnitudes of texture gradients, it is useful

to consider an infinite planar surface that is covered with

circular polka dots. Suppose that an observer is posi-

tioned at a vantage point P0, which is a distance D from

the closest point on the surface (see left panel of Fig. 4).
If a circular texture element with a diameter L were cen-

tered on that point, its optical projection would have an

arc length k0 as defined by the following equation:

k0 ¼ 2 arctanðL=2DÞ ð1Þ
Let us now consider an arbitrary surface point P with an

optical slant r. Provided that k0 is smaller than about
30�, the optical properties of a texture element with a

diameter L that is centered on P will be closely approx-

imated by the following equations:2
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Fig. 4. Factors that can affect the variations of optical texture on planar surfaces. The left panel depicts a planar surface that is viewed from a

vantage point P0. A texture element with a diameter L and a viewing distance D is positioned at a point on the surface whose orientation is

perpendicular to the line of sight. An arbitrary surface point P is also depicted that has an optical slant r. The right panel shows the pattern of

variation of k and / for planar surfaces over all possible values of r, and the range that is visible over a limited field of view.

Fig. 3. Two images of a planar surface that were both rendered from the same viewing distance with a 60� FOV (left) and a 5� FOV (right). The size

and spacing of the polka dots have been adjusted so that each pattern contains approximately the same number of elements.
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Foreshortening ð/Þ ¼ cosðrÞ ð2Þ

Length ðkÞ ¼ k0 cosðrÞ ð3Þ

Width ðxÞ ¼ k0cos
2ðrÞ ð4Þ

Area ðaÞ ¼ pk20cos
3ðrÞ=4 ð5Þ

The right panel of Fig. 4 shows the pattern of variation
of k and / for planar surfaces over all possible values of

r. It is of course not possible for surfaces in the natural

environment to have an infinite extent, so they must al-

ways be observed with a limited field of view, such as the

one that is depicted in Fig. 4 by the two dashed lines. It

should be evident from this figure that for planar sur-

faces the range of variation in k and / is determined

by two parameters: The field of view and the optical
slant r at its center. Thus, from the perspective of a gra-

dient based analysis, a reasonably accurate estimate of

surface slant from texture should only be possible when

these parameters are sufficiently large for the variations
in texture to be reliably detected (see also Blake, Bült-

hoff, & Sheinberg, 1993).

Why would observers use texture gradients as a

source of information for surface slant, rather than a

zero-order property like foreshortening, which can be

measured more reliably? A fundamental shortcoming

of all zero-order measures of texture is that they are

ambiguous with respect to sign. For example, an analy-
sis of surface slant based solely on local foreshortening

would be incapable of distinguishing whether a surface

is slanted upward or downward. It is only in the spatial

derivatives of optical texture that this ambiguity can be

resolved. Gradient information is also essential for

determining the direction and magnitude of surface cur-

vature from texture (Gårding, 1992).

Given the potential importance of field of view for the
information content of textured images (Blake et al.,

1993), it is somewhat surprising that there has been so

little research on how variations in viewing angle affect

observers� perceptions of 3D slant from texture. We
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Fig. 5. A schematic representation of the basic scene geometry that

was depicted in the stimuli of the present experiment.
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know of only two previous experiments that have ad-

dressed this issue,3 and both of them were restricted to

a very limited set of conditions. For example, Knill

(1998a) measured slant discrimination thresholds for

planar surfaces with random ellipse textures at four pos-

sible fields of view between 3� and 25�, but all of his dis-
plays had a fixed standard slant of 65�. Similarly, Tibau,

Willems, Van Den Berg, and Wagemans (2001) mea-

sured the magnitudes of apparent slant for planar

surfaces with square grid textures, but they only em-

ployed a small range of viewing angles between 4.8� to

8�. Because of the limited scope of these studies, the re-

search described in the present article was designed to

provide a more systematic investigation of how the per-
ception of shape from texture is influenced by variations

in the field of view. The stimuli depicted convex or con-

cave dihedral angles whose planar faces had mean

optical slants between 25� and 65�. These surfaces were

presented with several different types of texture, and a

wide range of viewing angles between 5� and 60�.
Observers indicated the perceived shape of each depicted

surface using an adjustment task, which made it possible
to measure the magnitude of perceived slant as well as

its precision.
2. Methods

2.1. Subjects

Five observers participated in the experiment, includ-

ing the three authors and two others who were naı̈ve

about the issues being investigated. They all had normal

or corrected-to-normal visual acuity.
2.2. Apparatus

The experiment was conducted using a Dell Dimen-
sion 8300 PC with an ATI Radeon 9800 PRO graphics

card. Images that were rendered with a camera angle

of 20� or less were presented on a standard CRT, and

they had horizontal and vertical extents of 30.0 cm.

Images that were rendered with a camera angle greater

than 20� were back projected onto a translucent display
3 A third set of studies by Buckley, Frisby, and Blake (1996)

manipulated the field of view over a range of values between 10� and
30�. When texture cues were all consistent with one another, the

manipulation of FOV had no detectable effect on observers� slant
judgments. However, this result is difficult to interpret with respect to

the monocular perception of slant from texture, because the texture

information in all of their displays was combined with slant informa-

tion from binocular disparity. Other researchers have also investigated

the effects of field of view on the perception of planar surfaces from

motion (Cornilleau-Pérès et al., 2002) and binocular disparity (Brad-

shaw, Glennerster, & Rogers, 1996; Rogers & Bradshaw, 1995).
screen using an LCD projector, and they had horizontal

and vertical extents of 121.9 cm. Both types of display

had a spatial resolution of 1280 · 1024 pixels. The view-
ing distances were adjusted appropriately over a range

of possible values between 85 and 344 cm so that the vi-

sual angle of each image would be matched to the cam-

era angle with which it was rendered. The displays were

viewed monocularly with an eye patch, and a chin rest

was used to constrain head movements.

2.3. Stimuli

A schematic representation of the basic scene geome-

try is presented in Fig. 5. The stimuli all depicted con-

cave or convex dihedral angles that were bilaterally

symmetrical about a vertically oriented edge. Variations

in the depicted 3D structures of these displays were con-

trolled by two parameters: The field of view (FOV), and

the optical slant (rcen) in the center of each face. There
were five possible values of FOV (5�, 10�, 20�, 40� and

60�) and five possible values of rcen (25�, 35�, 45�, 55�
and 65�) that were presented in all possible combina-

tions. Because the optical slants for planar surfaces vary

linearly with visual direction, with a slope of one,4 the

maximum and minimum values of optical slant were de-

fined by the following equations: rmax = rcen + FOV/4,

and rmin = rcen � FOV/4. It follows, therefore, that the
range of optical slants for the concave and convex dihe-

dral angles were perfectly matched. They were not

matched, however, with respect to the physical slants
4 The proof of this is quite simple. Let the origin (-0) for defining

visual direction be the direction that is perpendicular to an observed

planar surface (see Fig. 4). In that case, the relation between visual

direction (-) and optical slant (r) is given by the following equation: -
= r. The first derivative of this equation is: dr/d- = 1, which is

invariant over all possible viewing distances and orientations. Note

that the derivative is unaffected by changing the origin for defining

visual direction.
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(q) of the depicted surfaces relative to the fronto-parallel

plane. These were defined by the following equations:

q = rcen + FOV/4 for concave surfaces, and q = rcen �
FOV/4 for the convex surfaces.

Images of the dihedral angles were rendered using 3D

Studio Max by Kinetix with five possible textures that
were created with the DarkTree 2.0 texture plugin by

Darktree Studios. These textures included (1) a plaid

pattern, (2) a pattern of regular contours in the direction

of surface slant, (3) a pattern of irregular contours in

the direction of slant whose widths were modulated

by a random noise function, (4) a pattern of regular

(i.e., circular) blobs that were positioned at random

without overlapping, and (5) a pattern of irregular blobs
that varied in size and shape. The textures were scaled

for each combination of rcen and FOV so that they

would all have approximately 10 texture elements along

a vertical cross-section through the center of each pla-

nar face. Examples of the different types of stimuli

are shown in Figs. 6–10. Each of these figures contains

four images of a surface with a mean optical slant (rcen)
of 65� that all have the same texture. Convex and
concave dihedral angles are shown in the left and

right columns, respectively. Images in the top row

have a depicted FOV of 60�, whereas those in the

bottom row have a depicted FOV of 10�. These images

are perceptually most compelling when viewed

monocularly.
Fig. 6. Examples of surfaces with plaid textures used in the present experime

right. The images in the upper and lower rows have depicted fields of view o
2.4. Procedure

The field of view was manipulated across blocks so

that all of the trials in a given experimental session

had the same viewing distance. On each trial, an image

of a dihedral angle was presented on one of the two pos-
sible display screens. A second monitor was located off

to the side of the main display that contained an adjust-

ment figure, which observers could manipulate with a

hand held mouse to match the apparent cross section

in depth of the depicted surface. Because many of the

stimuli did not appear to have sharp edges (e.g., see

Figs. 8–10), the adjustment figure was a hyperbola

rather than a dihedral angle in order to provide a closer
match to the observers� perceptions. The shape of the

adjustment figure was defined by the following equation:

y2 ¼ b2 þ x2tan2q ð6Þ
where q is the angle of the asymptotic lines relative to

the horizontal direction, and b is the distance from the

apex of the hyperbola to the intersection of its asymp-

totic lines, which is also referred to as the ‘‘semi-trans-

verse axis’’. The adjustment figure had a fixed width of

5.71 cm, and a height that varied from 0 to 13.2 cm.

Observers were informed that the vertical (y) axis of

the adjustment figure was intended to represent the
apparent depth of the depicted surface and they were in-

structed to adjust the shape of this figure so that it
nt. Convex surfaces are shown on the left and concave surfaces on the

f 60� and 10�, respectively.



Fig. 7. Examples of surfaces with regular contour textures used in the present experiment. Convex surfaces are shown on the left and concave

surfaces on the right. The images in the upper and lower rows have depicted fields of view of 60� and 10�, respectively.

Fig. 8. Examples of surfaces with irregular contour textures used in the present experiment. Convex surfaces are shown on the left and concave

surfaces on the right. The images in the upper and lower rows have depicted fields of view of 60� and 10�, respectively.
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Fig. 9. Examples of surfaces with regular blob textures used in the present experiment. Convex surfaces are shown on the left and concave surfaces

on the right. The images in the upper and lower rows have depicted fields of view of 60� and 10�, respectively.

Fig. 10. Examples of surfaces with irregular blob textures used in the present experiment. Convex surfaces are shown on the left and concave surfaces

on the right. The images in the upper and lower rows have depicted fields of view of 60� and 10�, respectively.
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Fig. 11. A schematic diagram of the adjustment screen used in the

present experiment.
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matched the apparent shape of a horizontal surface

cross section as closely as possible.

The overall design of the adjustment screen is pre-
sented in Fig. 11. At the beginning of each trial, the

observers were required to click on one of three buttons

to indicate whether the surface shown in the main dis-

play appeared convex, concave or perfectly flat, and this

response was used to constrain the orientation of the

adjustment curve. Next they adjusted the parameter q
with a horizontal mouse movement to indicate the

apparent slants of the two planar faces of the depicted
dihedral angle. Finally, they adjusted the parameter b

(i.e., the semi-transverse axis) with a scroll bar to indi-

cate the apparent curvature of the dihedral edge. Once

observers were satisfied with their settings, they could

move on to the next trial by clicking on a button that

was labeled ‘‘next’’. It was also possible to move back-

ward in the sequence to modify a previous response,

though none of the observers reported that they made
use of that option. All observers agreed that these re-

sponse tasks were quite natural and that they had a high

degree of confidence in their judgments.

2.5. Design

To summarize the overall experimental design, there

were 250 possible conditions: 2 signs of curvature (con-
cave or convex) · 5 possible fields of view (5�, 10�, 20�,
40� and 60�) · 5 possible values of the mean optical slant

rcen (25�, 35�, 45�, 55� and 65�) · 5 different textures

(plaids, regular contours, irregular contours, regular

blobs and irregular blobs). Within a given experimental

session, the field of view remained fixed, and the 50 pos-
sible combinations of curvature, slant and texture were

presented once each in a random sequence. Each obser-

ver participated in four separate sessions for each of the

five possible fields of view.
3. Results

All of the observers reported at the conclusion of the

experiment that they experienced dramatic variations in

the relative magnitudes of perceived depth and slant

across the different field of view conditions. With the

5� field of view, many of the depicted surfaces appeared

perfectly flat or nearly so. With the 40� or 60� fields of
view, in contrast, the observers all reported that the

appearance of 3D shape was as perceptually compelling

as binocular stereopsis.

3.1. The perceived sign of curvature

For the plaid and regular contour textures, the

observers� sign of curvature judgments were 100% accu-
rate for all of the different combinations of rcen and

FOV. For the remaining textures, the accuracy was re-

duced to 94% for the irregular contours, 86% for the reg-

ular blobs and 76% for the irregular blobs. Among these

latter three textures, the overall pattern of performance

was quite similar in that the incorrect judgments of the

depicted sign of curvature occurred primarily in those

conditions with the lowest values of rcen and FOV.
Fig. 12 shows the combined performance for the blob

and irregular contour textures as a function of optical

slant, for each of the five possible fields of view. Note

how the manipulation of these parameters had a huge

effect on the ability to distinguish concave and convex

dihedral angles. For the lowest values of rcen and

FOV the accuracy of observers� judgments was not sig-

nificantly different from chance, whereas at the highest
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values of rcen and FOV, their judgments were 100%

accurate.

3.2. Variance of the slant settings

To evaluate the precision of observers� slant settings,
we calculated the standard deviations among the four

repeated judgments for each observer in each of the

250 possible display conditions. Over all observers and

conditions, the average value of these standard devia-

tion measures was 4.66�. An analysis of variance re-

vealed that there were no significant differences among

the different conditions except for a significant effect of

optical slant, F(4,16) = 8.598, p < .001, and a significant
effect of the sign of surface curvature, F(1,4) = 8.948,

p < .05, both of which are shown in Fig. 13.

3.3. Magnitudes of perceived slant

Fig. 14 shows the average judged physical slant over

all observers and textures as a function of the ground
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Fig. 14. The average physical slant settings as a function of depicted physica

lines represent veridical performance.
truth for each possible sign of curvature and field of

view. For almost all of the different possible combina-

tions of FOV, texture type and sign of curvature, there

was a strong linear correlation between the observers�
settings and the depicted physical slants of the dihedral

faces. The field of view also had a large effect on the
magnitude of perceived slant, though there was an inter-

esting interaction between field of view and the sign of

surface curvature that we had not expected. Note in

Fig. 14 that for the convex surfaces, each successive in-

crease in FOV produced a corresponding increase in the

magnitude of observers� slant settings. A similar pattern

of performance was obtained for the concave surfaces

up to a FOV of 20�, but increases in FOV beyond 20�
had little or no effect on the magnitude of perceived

slant.

In order to facilitate a statistical analysis of these

data, we converted the raw physical slant judgments to

a measure of perceptual gain, which is defined as the ra-

tio of judged slant relative to the ground truth. Fig. 15

shows the average perceptual gain as a function of field

of view for each possible sign of curvature and texture.
One important aspect of these results that deserves to

be highlighted is the systematic variation in the accuracy

of observers� slant judgments for the different types of

texture. The highest average perceptual gain of 0.74

was obtained for surfaces with plaid textures. For the

remaining conditions, the gain was reduced to 0.67 for

the regular contours, 0.56 for the regular blobs, 0.52

for the irregular contours, and 0.32 for the irregular
blobs. An analysis of variance confirmed the significance

of all of the different patterns of variation that are

evident in Figs. 14 and 15. That is to say, the analysis

revealed significant main effects of texture type,

F(4,16) = 9.926, p < .001, field of view, F(4,16) =

94.95, p < .001, and the sign of surface curvature,

F(1,4) = 68.422, p < .001, and a significant interaction
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between field of view and the sign of surface curvature

F(4,16) = 45.513, p < .001.

Additional regression analyses were performed in an

effort to determine the specific attributes of texture on

which observers� slant judgments were based. Prelimin-
ary plots of the data revealed that the best fits would

be obtained using log-log coordinates. Thus, the analy-

sis began by computing the logarithm of adjusted slant,

averaged over observers and textures, for each of the 50

possible combinations of curvature, FOV and optical

slant. These transformed slant settings were then corre-

lated with the logarithms of numerous measures of opti-

cal texture that varied systematically across the different
conditions. For example, these measures included the

maximum texture length (kmax) within each stimulus,

the minimum texture length (kmin), the median texture

length (kmax + kmin)/2 and the range of texture lengths

(kmax � kmin). Similar correlations with adjusted slant

were also performed on the maximum values, minimum

values, median values and ranges of texture width (x),
area (a), vertical density (1/k), horizontal density (1/x)
and total density (1/a)—note that the density measures

can also be interpreted as spatial frequencies. Texture

foreshortening (/) was not included in this analysis be-

cause that measure was linearly proportional to texture

length. It is important to point out that these regression

analyses did not make use of actual image measures.

Rather, they were computed indirectly from local opti-
Table 1

The squared coefficients of regression (r2) between the logarithms of judged sl

different measures of optical texture that varied among the different stimulu

Length (k) Width (x) Area (a) Vertic

Minimum value 0.73 0.73 0.73 0.28

Median value 0.62 0.56 0.29 0.65

Maximum value 0.28 0.28 0.28 0.73

Range 0.61 0.34 0.12 0.90

Note that the different density measures can also be interpreted as spatial fr
cal slants (r), based on the fact that k and / are propor-

tional to cos(r), x is proportional to cos2(r) and a is

proportional to cos3(r)—see Eqs. (2)–(5).

The results of these analyses are presented in Table 1,

which shows the squared coefficient of regression (r2) for
each of the correlations described above. Note that the

best fits of the data were obtained for the range mea-

sures of density (1/k, 1/x and 1/a), all of which ac-

counted for at least 90% of the between display

variance. For purposes of comparison, the ground truth

accounted for only 49% of the variance. While examin-

ing the scatter plots of these correlations, we noticed

that most of the residual variance was due to lower than
expected slant judgments for the convex surfaces with

40� or 60� fields of view, which may have been caused

by an inability of the visual system to process high fre-

quency information in peripheral regions of the visual

field. In an effort to correct for this, we recalculated

the range measures such that any information outside

the central 30� of view would be ignored for the convex

surfaces. This modification produced significantly im-
proved fits for all of the density range measures. The

best fit of all was obtained for the vertical density range

(see Fig. 16), whose correlation with adjusted slant ac-

counted for 96% of the variance among the 50 possible

combinations of curvature, FOV and optical slant. This

same measure also provided excellent fits for the individ-

ual textures, though there were systematic differences in
ant collapsed over observers and textures, and the logarithms of several

s conditions

al density (1/k) Horizontal density (1/x) Total density (1/a)

0.28 0.28

0.66 0.67

0.73 0.73

0.91 0.90

equencies. See text for details.
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Fig. 16. The average judged slant as a function of the vertical density

range. In an effort to provide an intuitively clear interpretation of this

measure, the units along the horizontal axis have been calibrated to

reflect the number of visible cycles for the regular contour textures

shown in Fig. 7. The vertical density range in this context is the

unsigned difference between the number of visible cycles at the outer

edges of each display relative to the number of visible cycles in its

center. For convex surfaces, the range measure was limited to the

central 30� of view.
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the slopes of the regression lines. The values of r2 and

slope, respectively, were 0.89 and 0.41 for the plaid tex-

tures, 0.92 and 0.40 for the regular contours, 0.91 and

0.48 for the irregular contours, 0.90 and 0.74 for the reg-

ular blobs and 0.84 and 1.06 for the irregular blobs.

3.4. The perceived curvature of the dihedral edge

The apparent curvature (j) of the dihedral edges in

each of the different conditions was computed from

the observers� settings of r and b using the following

equation: j = (tan2r)/b. In all of the various conditions

depicting surfaces with plaid textures, observers always
set the semi-transverse axis (b) of the adjustment figure

to a value of zero, thus indicating that the apparent cur-

vature of the dihedral edge had a value of infinity. This
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Fig. 17. The average judged curvature of the dihedral edges for the blob and i

field of view and sign of curvature.
was also mostly the case for surfaces with regular con-

tour textures, although two of the observers produced

some non-zero settings in conditions with low values

rcen and FOV. For the blob and irregular contour tex-

tures, however, the dihedral edges were almost never

perceived as discontinuities. Fig. 17 shows that averaged
judged curvatures for these textures as a function of

optical slant for each possible sign of curvature and field

of view. These data show clearly how the judged curva-

tures of the dihedral edges varied with optical slant and

FOV in a remarkably systematic manner. There was

also a large difference between the judged curvatures

of the convex and concave surfaces—i.e., note that the

scales of the two graphs differ by a factor of five. As
can be observed in the example stimuli presented in Figs.

8–10, the edges of the concave surfaces appear to have

much higher curvatures than the edges of the convex

surfaces.
4. Discussion

Before considering the theoretical implications of

these results, it is useful to review some other relevant

findings that have been reported previously in the liter-

ature. Tibau et al. (2001) were the first to report that

the apparent slant of a planar surface can be signifi-

cantly influenced by the depicted field of view. Their dis-

plays all had square grid textures, and the FOV ranged

from 4.8� to 8�. Tibau et al.�s stimuli were most similar
to the plaid texture displays in the present experiment,

and the results we obtained for those textures were quite

similar to theirs with comparable fields of view.

Another related experiment that deserves to be high-

lighted was performed by Knill (1998a), who measured

slant discrimination thresholds for images of planar sur-

faces with random ellipse textures using varying fields of

view that ranged from 3� to 25�. When the lowest value
Optical Slant (degrees)
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rregular contour textures as a function of optical slant for each possible



Fig. 18. Perspective projections of a planar surface that were rendered with a 3� field of view. The one on the left has a depicted slant of 70�, and the

one on the right has a depicted slant of 50�. Note that both surfaces appear to have a fronto-parallel orientation, despite the fact that the texture

elements are highly foreshortened.

5 Although the overall levels of performance obtained by Li and

Zaidi with isotropic textures were no greater than chance, the results

showed clearly that observers did not make their responses by guessing

randomly about the sign of surface curvature. Rather, the pattern of

errors indicates that observers have a systematic bias to interpret

surfaces as convex (see also Langer & Bülthoff, 2001; Liu & Todd,

2004), such that the curvatures of convex surfaces are consistently

judged correctly, and concavities are consistently misinterpreted as

convexities.

12 J.T. Todd et al. / Vision Research xxx (2005) xxx–xxx

ARTICLE IN PRESS
of optical slant depicted in these images had a fixed va-

lue of 52.5�, reductions in the viewing angle produced an

approximately twofold increase in the observer�s thresh-
olds. However, when the highest value of optical slant
had a fixed value of 77.5�, the manipulation of FOV

had no effects whatsoever—even when the viewing angle

was reduced to only 3�. Because systematic variations of

optical texture are negligible in such small field displays,

this latter finding could be interpreted as strong evidence

that an accurate perception of surface slant from texture

need not require gradient information. There is a poten-

tial problem with that interpretation, however. Consider
the images presented in Fig. 18 of planar surfaces with a

70� slant (left) and a 50� slant (right), which were both

rendered with a 3� field of view. These images are clearly

discriminable because of differences in texture foreshort-

ening and density, yet when observers are asked to make

magnitude estimations of the apparent slants, they al-

most always report that both surfaces appear to have

a fronto-parallel orientation. If texture patterns with dif-
ferent degrees of foreshortening can have the same

apparent slant, then the evaluation of Knill�s results be-
comes more complicated. Although his observers were

explicitly instructed to make judgments about slant,

we must also consider what strategies they may have em-

ployed when the depicted slants were perceptually indis-

tinguishable. It is of course possible that they may have

guessed randomly in that situation, but we suspect it is
more likely that they may have relied on predictive 2D

cues, like foreshortening, whenever such cues were

available.

A third line of research that is closely related to the

present experiment has been performed by Li and Zaidi

(2000, 2001, 2003) and Zaidi and Li (2002). They inves-

tigated the perceived signs of curvature of sinusoidally

corrugated surfaces with a wide variety of different types
of texture. These surfaces were presented with 1–3 visi-

ble cycles, but the individual cycles all had fields of view

between 4� and 7�. The results of these studies have con-
sistently indicated that observers� judgments are almost

perfectly accurate for surfaces with contour textures in

the direction of maximum curvature (e.g., see Figs. 6–

8), but that the overall level of performance is no better
than chance for surfaces with isotropic textures (e.g., see

Figs. 9,10).5 On the basis of these findings, Li and Zaidi

have argued that isotropic textures are inherently inade-

quate for accurately specifying the sign of surface curva-

ture or the direction of surface slant. In considering this

conclusion, it is important to note that the present

experiment replicated their findings under comparable

viewing conditions. With a 5� field of view, the observers
were 100% accurate at judging the sign of curvature for

surfaces with plaid or regular contour textures, and they

were well below threshold for surfaces with isotropic

blob textures. However, when we consider a broader

range of viewing conditions, our results show clearly

that this particular pattern of performance is limited

to small fields of view. For example, in the 20� field of

view conditions the observers were 90% accurate at
judging the sign of curvature for surfaces with regular

blob textures, and they were 99% accurate in the 40�
and 60� FOV conditions.

Why should some textures be more difficult than oth-

ers for determining the sign of surface curvature or the

direction of surface slant? From the perspective of a gra-

dient based analysis, these effects of texture type are

most likely caused by the relative difficulty of distin-
guishing systematic variations of optical texture from

random variations that occur due to noise. For example,
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the measurement of texture length gradients is easiest

for textures that contain linear contours in the direction

of surface slant. Note in Figs. 6 and 7 how the distance k
between the horizontal contours varies as a smoothly

continuous linear function, which provides noise free

information about the optical length gradient. This is
also referred to in the literature as linear perspective

or as the gradient of convergence. The measurement of

texture gradients is inherently more difficult for random

blob textures, because information from spatially sepa-

rated texture elements must somehow be interpolated

in order to achieve the perceptual representation of a

smoothly continuous surface. This is likely to be espe-

cially difficult when there are large random variations
in the sizes and shapes of the texture elements, as was

the case for the irregular blob textures of the present

experiment (see Fig. 10). Although these random varia-

tions can be averaged out by pooling information over a

sufficiently large neighborhood, this would cause the

systematic variations in optical texture to become

blurred, which would reduce their relative magnitudes,

and, therefore, their detectability. The spatial pooling
of information for the measurement of local texture

properties is also most likely to be responsible for the re-

duced apparent curvatures of the dihedral edges that

were obtained for the blob and irregular contour

textures.

4.1. On the relative salience of different texture cues

Much of the previous literature on the perception of

3D shape from texture has focused on whether some lo-

cal attributes of texture are more perceptually informa-

tive than others (e.g., length, width, area, density or

foreshortening). Most researchers who have attempted

to address this issue have used some sort of cue conflict

paradigm, in which different attributes of texture are

independently manipulated, either within static monoc-
ular images (Attneave & Olson, 1966; Cutting & Mil-

lard, 1984; Phillips, 1970; Todd & Akerstrom, 1987),

or stereoscopic displays in which the texture information

can also be in conflict with binocular disparity (Buckley

et al., 1996; Cumming, Johnston, & Parker, 1993; Frisby

& Buckley, 1992). In general, the results of these studies

have indicated that for random blob textures without

linear perspective, observers rely most heavily on fore-
shortening information, and to a lesser extent on texture

length (i.e., scaling), but that texture density has little or

no influence on the perception of 3D shape (see Knill,

1998a for a review).

In light of these past results, it is especially surprising

that observers� judgments in the present experiment were

most highly correlated with the range measures of tex-

ture density by a large margin over other texture cues.
How can this be reconciled with the previous literature?

It is important to keep in mind when considering this is-
sue that cue conflict paradigms have been criticized be-

cause they may induce observer strategies that are not

representative of normal perceptual processing (Blake

et al., 1993; Knill, 1998a, 1998b), or because the texture

properties that are systematically manipulated—usually

length and foreshortening—are inevitably confounded
with other local properties like width or area that could

potentially be important for observers� judgments (Todd

& Akerstrom, 1987). Manipulations of texture density

are particularly problematic in this regard, because they

produce systematic variations in the relative proportions

light and dark pixels across different regions of an im-

age, which would ordinarily remain constant for homo-

geneous textures in natural vision (see Todd & Reichel,
1990).

The results of the present experiment are perhaps less

surprising if the density measures in Table 1 are reinter-

preted as measures of spatial frequency, because previ-

ous studies have also suggested that systematic

variations in spatial frequency may be a primary source

of information for judgments of 3D shape from texture

(Li & Zaidi, 2003; Todd & Akerstrom, 1987). Given
what is known about the structure of the human visual

system, it is highly implausible that texture patterns

could be perceptually analyzed by counting the number

of individual texture elements within local neighbor-

hoods of an image or by precisely measuring their

lengths, widths or aspect ratios. A more likely possibil-

ity, we suspect, is that the analysis of texture gradients

is performed primarily in the Fourier domain (e.g., Mal-
ik & Rosenholtz, 1997) or by non-linear networks of

spatially tuned filters (e.g., Grossberg & Mingolla,

1985, 1987). The correlation of judged slant with the

systematic variation of spatial frequency as reported in

Table 1 is quite compatible with either of those two

approaches.

4.2. Can results with planar surfaces be generalized to

curved surfaces?

Because planar surfaces are ubiquitous in both natu-

ral and man-made environments, they are an obviously

important special case for the perceptual analysis of 3D

surface structure. There is some evidence to suggest,

however, that the results obtained with planar surfaces

in the perception of 3D shape from texture may not al-
ways generalize to other forms of surface geometry. For

example, the mathematical analysis described in the

introduction showed that systematic variations of opti-

cal texture on planar surfaces are primarily determined

by the depicted field of view, but that is not the case

for smoothly curved surfaces. For surfaces that are suf-

ficiently curved, it is possible to obtain large systematic

variations among optical texture elements over relatively
small angular extents, and these variations can produce

compelling perceptions of 3D surface structure.



Fig. 19. Images of smoothly curved surfaces under orthographic

projection.
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Whereas textured planar surfaces observed with small

fields of view produce little or no apparent depth (see

Figs. 3 and 18), the perception of 3D shape for smoothly
curved surfaces can be obtained even under ortho-

graphic projection, which is mathematically equivalent

to rendering a scene from an infinite viewing distance

with an infinitely small camera angle. Fig. 19 shows

two examples of smoothly curved textured surfaces that

were each rendered under orthographic projection (see

also Knill, 2001; Todd & Oomes, 2002; Todd & Reichel,

1989, 1990). Naı̈ve observers almost always report that
these images are perceived as 3D surfaces,6 and previous

psychophysical research has shown that the magnitude

of perceived depth for this type of display is only slightly

attenuated relative to the apparent depths that are pro-

duced when the same surfaces are presented under

strong polar perspective (Todd & Akerstrom, 1987).

Another important finding that has been reported for

planar surfaces, but which may not generalize to curved
surfaces, involves the analysis of anisotropic blob tex-

tures. The left panel of Fig. 20 shows the image of a pla-

nar surface that is slanted in a vertical direction, with an

anisotropic texture of randomly positioned ellipses that

are all oriented in a diagonal direction. Although it is

mathematically possible to determine the correct direc-

tion of slant in this image from an analysis of the texture

gradients (Malik & Rosenholtz, 1997), any algorithm
that is based on an assumption of texture isotropy

would produce incorrect slant estimates in a diagonal

direction. The empirical evidence indicates that human

observers produce similar errors (Knill, 1998b; Rosen-

holtz & Malik, 1997), thus suggesting that the percep-

tual analysis of 3D shape from texture must be based

at least in part on an implicit assumption that texture

patterns are statistically isotropic. More recent research
6 It is interesting to note that most naı̈ve observers report that the

apparent signs of curvature in these displays remain perceptually quite

stable, despite the fact that the overall sign of relief is mathematically

ambiguous. The most likely explanation of this phenomenon is that

observers have strong biases to interpret ambiguous surfaces as viewed

from above rather than from below (Mamassian & Landy, 2001;

Reichel & Todd, 1990) or as globally convex rather than concave

(Langer & Bülthoff, 2001; Liu & Todd, 2004).
suggests, however, that this conclusion may not general-

ize to more complex surface geometries (Todd, Oomes,

Koenderink, & Kappers, 2004). The right panel of Fig.

20 shows a complex doubly curved surface with a tex-

ture that is both anisotropic and inhomogeneous. Note

in particular how the central region of this surface that
appears to have a fronto-parallel orientation contains

texture elements that are all noticeably elongated in a

horizontal direction. This would not be possible if the

perceptual interpretation were based on an assumption

of texture isotropy. Indeed, Todd et al. (2004) found

that observers� shape judgments for doubly curved sur-

faces with this type of texture are not detectably different

from those that are obtained when the same surfaces are
presented with isotropic textures.

There is other anecdotal evidence to suggest that the

complexity of surface geometry can also influence the rel-

ative salience of different texture cues for the visual per-

ception of 3D shape. Consider, for example, the pair of

images of a hyperbolic cylinder that are presented in

Fig. 21. The surface depicted in the left panel is textured

with a pattern of contours that are all oriented in the
direction of maximum curvature, which isolates the gra-

dient of contour convergence (i.e., linear perspective).

The image on the right, in contrast, shows the same sur-

face with a pattern of contours that all oriented in the

direction of minimum curvature, which isolates the gra-

dient of contour compression. Note how the convergence

gradient produces a compelling perception of surface

slant, whereas the compression gradient does not. This
phenomenon was first reported for planar surfaces over

35 years ago (Attneave & Olson, 1966; Gillam, 1968,

1970), and has more recently been extended to singly

curved surfaces like the ones depicted in Fig. 21 (Li &

Zaidi, 2000, 2001). One important caveat about conver-

gence gradients, however, is that they generally require a

relatively large amount of perspective in order to be per-

ceptually effective. This is easily achieved with planar
surfaces that can extend indefinitely in depth, but that

is not the case for globally convex objects because of

the effects of occlusion. To demonstrate this more

clearly, the left panel of Fig. 22 shows a perspective pro-

jection of randomly deformed sphere that is depicted

with a 20� field of view, and is textured with a series of

planar cut contours (see Tse, 2002) that are all oriented

in depth so as to isolate the gradient of contour conver-
gence. Although this provides some minimal information

about 3D shape, the overall magnitude of apparent

depth is quite small. The right panel of Fig. 22 shows ex-

actly the same object with exactly the same field of view,

but in this case it is textured with a series of planar cuts

that all have a fronto-parallel orientation so as to isolate

the gradient of contour compression. Note that the per-

ception of 3D shape is much more compelling in the right
panel than in the left, which is the opposite of what oc-

curs in Fig. 21 with singly curved surfaces.



Fig. 20. Perspective projections of a planar surface and a doubly curved surface with anisotropic textures.

Fig. 21. Perspective projections of a hyperbolic cylinder with contour textures in different orientations.

Fig. 22. Perspective projections of a randomly deformed sphere with

contour textures in different orientations.
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It is interesting to point out that the ability of human

observers to correctly interpret the 3D shapes of the sur-

faces shown in the right panels of Figs. 20 and 22 is

really quite remarkable, because these images violate

the assumptions of every current model in the field.

The only existing algorithm that can correctly interpret

the optical projections of anisotropic blob textures
is the one developed by Malik and Rosenholtz (1997).

This algorithm works well with images of planar or sin-

gly curved surfaces, but it is not easily generalized for

doubly curved surfaces. Thus, it would be difficult to
explain on the basis of that model why doubly curved

surfaces with inhomogeneous anisotropic textures can
be correctly interpreted by human observers, but that

images of planar surfaces with homogeneous anisotropic

textures appear systematically distorted. Similarly, exist-

ing computational analyses of contour textures typically

assume that an observed surface is singly curved, and

that its contours are constrained to lie along surface geo-

desics (Knill, 2001) or directions of principal curvature

(Stevens, 1981), but none of those constraints are satis-
fied by the images in Fig. 22 (see also Todd & Reichel,

1990; Todd et al., 2004). It is not at all clear from the

available empirical evidence how human observers are

able to correctly interpret such theoretically anomalous

texture patterns. These demonstrations suggest that

observers may employ some heretofore unknown strate-

gies for determining shape from texture on complex

doubly curved surfaces, and the investigation of those
strategies will remain as an intriguing problem for future

research.
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