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In J a d e d  ~ ~ featuru can appear t4ther concave or convex, d e p m J n g  uima the 
viewer's ~ about tin d k t e t i ~  ef tin prevallialt illmahtatlen. If ether curvature cues are 

to the ~ t l ~  ~ can be removed. Howiever, it b net clear to what extent, if any, 
ilhmtnant ~ a e r t s  an inltuenee on the perceived magnitude of surface curvature. Subjects 
were presenta~ wilh pairs of spherical surfaoe patches In a curvature matdflall trek. The I m t d ~  
were dlelmd by shadlng and texture tues. 'Ilte perceived curvature of a standard Imteh was 
measured as a fanetlon of light souree l~a~km, We fmmd a clear effect of light souree ImSlflon on 
al~mrent curvature, PerceDed curvatare decre.m~ as ll~t source tilt Increased and as llsht source 
slant decreased. We also found that the s~mgth of thls effect Is determined ~ by a surface's 
re~smm~ lUetlu and Imrtly by the relative wdgl t  of the texture cue. When a Slg'cular 
eomlNment was added to the ~ the elfeet of light source orientation was weakened. The we~ht 
of the tenure ew was manlpulaled by ~ the re~ar dlstrlbuelon of texture ~ts. We 
found an invene relationship betweeu the strength of the effect and the wetgltt of the texture cue: 
lowering the texture cue weight resulted in an enhancement of the itJuminant position effect. 
Coplrrilbt © 1996 Elsevier Science Ltd. 

Shape from shading Cue integration Curvature 

INTRODUCTION 

The ambiguous nature of shading as a source of three- 
dimensional (3-D) form information is well documented, 
with reports on the phenomenon appearing as early as the 
fourth century B.C. (Benson & Yonas, 1973; Berbaum et 
al., 1983; Kleffner & Ramachandran, 1992; Plato, 375 
B.C.; Ramachandran, 1988). Plato (375 B.C., p. 432) 
observed that " . . .  deceptive differences of shading can 
make the same surface seem to the eye concave or convex 
• . ." .  This inherent ambiguity is demonstrated in Fig. 1, 
which depicts an array of computer-generated spherical 
discs defined by shading. When presented with an array 
such as this, observers typically report that it consists of a 
group of convex and concave objects illuminated by a 
light source positioned somewhere above the array. 
However, when the array is rotated by 180deg, 
observers' perception of the image reverses, with the 
objects which previously appeared concave now appear- 
ing convex, and those which previously appeared convex 
now appearing concave. The fact that some of these 
stimuli are perceived as being concave and illuminated 
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~Verify this by placing a sheet of paper with a rectangular hole over 
Fig. 1 to leave only two discs uncovered. 

from above has been taken as evidence that the human 
visual system processes shaded images in accordance 
with an assumption of a single, overhead light source. 
However, Reicbel and Todd (1990) argue that an 
overhead illumination bias does not explain the persis- 
tence of the inversion effect for shaded complex surfaces 
that are illuminated face on; nor does it explain why the 
effect is present in the same surfaces defined by either 
just contours or motion. Instead, they propose that the 
visual system processes images in accordance with a 
perceptual bias for backward slanting surfaces. 

The effect in Fig. 1 is less compelling when the array is 
reduced to just two discs illuminated from opposite 
directions.+ + It has also been demonstrated that the 
ambiguity inherent in shaded images can be removed 
simply by including other, relevant, sources of 3-D form 
information; including boundaries (Ramachandran, 
1988), stereo (Braunstein et al., 1986), specular high- 
lights (Blake & Bulthoff, 1990), surface texture (Curran 
& Johnston, 1994a) and cast shadows (Berbaum et al., 
1983; Erens et al., 1993). Ramachandran (1988) reports 
that the perceived geometry of a shaded image was 
radically affected by the type of boundary superimposed 
upon it. Depending upon the boundary shape, the same 
luminance intensity gradient could suggest either a group 
of cylinders illuminated from above, or a corrugated 
metal sheet illuminated from either the left or the right. 
Blake and Bulthoff (1990) report that the sign of the 
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FIGURE 1. An example of the ambiguous nature of shading as a curvature cue. The spherical patches in the above array are 
identical in all but one respect--the direction from which each one is illuminated. Approximately half are illuminated from 
above, and half are illuminated from below. When presented with an image such as this observers typically report seeing an 
array comprising convex and concave discs, and that all the discs are illuminated from above. If the image is rotated 180 dog 

those surfaces that previously appeared convex will now appear concave, and vice versa. 

apparent curvature of  a stereoscopically viewed ambig- 
uous figure was influenced by the relative disparity of  a 
specular reflection superimposed on the surface. The 
surface had zero disparity and the specularity had either a 
convergent or divergent relative disparity. Subjects were 
more likely to report that the surface appeared concave 
when the specularity had a convergent  relative disparity, 
and convex when the specularity had a divergent relative 
disparity. Similarly, the presence of  cast shadows, which 
makes explicit the position o f  the light source, has been 
found to be effective in distinguishing between concave 
and convex surfaces (Berbaum et  al., 1983; Erens et  al., 
1993); although this information has been reported to be 
insufficient for distinguishing between elliptic and 
hyperbolic surfaces (Erens et  al., 1993). 

Although the inclusion of  a second 3-D form cue often 
serves to disambiguate the sign of  the curvature of  a 
shaded surface (i.e., whether it is concave or convex) 
regardless of  the light source position, what is less well 
understood is the effect that light source position has on 
the perceived magnitude of  curvature. Some earlier work 
by Todd and Mingolla (1983) suggests that perceived 
curvature may by influenced by light source position. 
Todd and Mingolla (1983) tested subjects'  perceived 
curvature of  a vertically oriented cylindrical surface 
illuminated by a vertically extended light source. 
Subjects were also tested on their ability to correctly 
identify the direction of  illumination. The cylinders, 
which had either matte or shiny surfaces, were generated 
with either just a shading cue alone or both shading and 
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texture cues. Todd and Mingolla (1983) reported that 
moving the light source to the right of the viewpoint had a 
significant effect on perceived curvature, with perceived 
curvature increasing as the angle of incident illumination 
was increased. Mingolla and Todd (1986) found that light 
source position influenced subjects' performance in a 
local surface orientation judgement task. Subjects were 
presented with two computer-generated ellipsoids which 
differed in the ratio of their semi-axis lengths. The 
ellipsoids were presented with or without cast shadows, 
with matte or specular surface reflectance properties, and 
under one of two predetermined lighting conditions. 
Subjects were given the task of estimating the slant and 
tilt for a number of locations on each ellipsoid and 
estimating the direction of illumination. Performance on 
the local orientation task differed significantly for the two 
light source conditions tested, with judgements being less 
accurate in the oblique illumination condition (light 
source slant of 40 deg) than in the direct illumination 
condition (light source slant o f l 0  deg). 

Although the work of Todd and Mingolla (1983) points 
towards light source position having an influence on the 
perceived surface geometry of convex objects, they did 
not systematically investigate this issue. However, light 
source direction has been found to affect surface 
curvature discrimination thresholds (Johnston & Pass- 
more, 1994a,b). Curvature thresholds reduce as light 
source slant increases. 

The experiments reported in this paper investigate 
whether light source position has an effect on perceived 
degree of curvature. The results of the first experiment 
suggest that manipulating light source position does 
influence the perceived curvature of a 3-D surface. We 
report that either increasing the light source tilt or 
decreasing the slant of the light source results in an 
apparent reduction of a spherical surface's curvature. 

In our second experiment we investigated whether this 
influence of light source position on perceived degree of 
curvature is reduced or removed when extra information 
about surface geometry, in the form of specular high- 
lights, is added to the stimuli. The results of previous 
research suggest that subjects' perceived curvature of 
surfaces defined by either shading and texture (Todd & 
Mingolla, 1983) or shading, texture and stereo cues 
(Bulthoff & Mallot, 1990) is enhanced when a specular 
highlight is included in the image. The results of 
experiment demonstrate that perceived curvature was 
increased for most light source positions when specular 
highlights were included in the stimuli, and are, thus, in 
agreement with the results of Todd and Mingolla 
(1983)and Bulthoff and Mallott (1990). 

Finally, we investigated whether the effect of light 
source position on apparent surface curvature is influ- 
enced by the weight assigned to the texture cue. Given 
that an ambiguously convex/concave object may be 
disambiguated when texture is mapped onto the surface, 
it seems reasonable to assume that reducing the weight 
assigned to the texture will augment the influence of light 
source position on that surface's apparent degree of 

curvature. In experiment 3 we used perturbation analysis 
to identify a texture which had a lower weight than the 
texture used in the previous two experiments. In 
experiment 4 we substituted a lower-weighted, random- 
block texture and, once again, measured subjects' 
perceived curvature as a function of the light source tilt. 
The results of this experiment demonstrated a clear 
increase in the effect of light source position on perceived 
curvature when the random-block texture was mapped 
onto the spherical surface patches. This suggests that the 
effect of light source position on perceived curvature is 
partly dependent on the weight of the texture cue used. 
Using the random-block texture in experiment 5, we 
again looked at the influence of a surface's reflectance 
function on the strength of the illuminant position effect. 
Although we found some exceptions, the results from 
experiments 2 and 4 generally demonstrate a straight- 
forward additive effect of specularities on perceived 
curvature and are, thus, in broad agreement with the data 
of Bulthoff and Mallot (1990). 

METHOD 

Subjects 

Two subjects participated in the experiments. Both 
subjects had some experience in curvature discrimination 
tasks. However, one subject, MF, remained naive as to 
the goal of the experiments. Both subjects had normal or 
corrected vision. 

Stimulus Generation and Display 

An image of a pair of spherical surface patches was 
constructed by ray casting (Foley et al., 1990). The 
stimulus generation software allowed control over the 
curvature of the patches, their location in the modelling 
space, the viewpoint and the location of a single point 
light source for each patch. The surfaces were rendered 
using a Phong illumination model: 

p = sla + slp(N. L) + glp(H • N) n, 

where p is the computed brightness, s is the albedo, Ia is 
the intensity of ambient illumination, Ip is the intensity of 
direct illumination and g is the proportion of light 
reflected specularly. N and L are the surface normal and 
light source direction unit vectors and H is the unit vector 
which bisects L and the line of sight. The spread of 
specular reflection is controlled by the parameter n. 

In choosing a method of adding texture to a sphere, one 
should consider the subsequent texture distortion. One 
approach is to carve the texture out of a solid block, but 
the size of each texture element depends upon the angle 
of cut and position relative to the voxels in the solid, and 
surface texture density would not be uniform. Another 
approach might involve "dropping" 2-D figures onto the 
tangent plane of the sphere at randomly chosen surface 
locations, but we wished to avoid the use of discrete 
texture elements. We chose to add texture to the spherical 
patches using a texture mapping technique. The plane 
cannot be mapped onto a doubly curved surface without 
distortion. The nature of the distortion depends upon the 
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mapping function. An equidistant azimuthal mapping, 
which preserves radial distances, was chosen (Curran & 
Johnston, 1994b; Johnston & Passmore, 1994a). We can 
think of the equidistant azimuthal mapping as the result 
of positioning the north pole of a sphere on the origin of 
the texture map and then transferring the texture onto the 
sphere by rolling along straight lines passing through the 
origin. In this projection there is no distortion of the 
texture along meridians of longitude, although there is 
some shrinkage of the texture along parallels of latitude. 
Shrinkage is minimal near the central point of the 
displayed surface and maximal at the occluding bound- 
ary. The stimuli used in these experiments were spherical 
patches cut from the sphere along a parallel of latitude 
close to the pole. For the majority of curvature values 
used, texture distortion at stimuli edges was <10%. The 
texture is scaled in accordance with the following 
expression: 

sintlr/2 - ~b)/(rr/2 - ~), 

where ~b is the elevation, in radians, and the texture 
shrinkage, expressed as a percentage, is given by 

[l - sin(Tr/2 - ~)/(7r/2 - c~)]. 100. 

For a given ray through a pixel on the screen the surface 
normal at the intersection point of the ray and the sphere 
was computed and specified in terms of elevation and 
azimuth. Those parameters were used to index the texture 
map. For consistent and conflicting cue conditions the 
texture map provided the albedo for the shading routine. 
When stimuli comprised inconsistent cues (Expt. 3) the 
normals for the shaded surface were computed indepen- 

*By convention, tilt is measured counterclockwise, with zero in the "3 
o 'clock" position (positive x-axis). However, for the sake of clarity 
in the Results sections, the alternative definition above was 
adopted. 

dently of the normals for the textured surface. This is 
equivalent to painting texture consistent with one curved 
surface onto another curved surface. Since in general the 
specified location in the texture map would lie between 
grid points, the albedo values were calculated using 
bilinear grey-level interpolation. The advantage of the 
texture mapping technique used is that for radial 
directions, there are equal amounts of texture for equal 
amounts of distance along the surface. 

The texture maps chosen for these experiments were 
grey-level checkerboard and random-block patterns. The 
former texture was used in Expts 1-3, and the latter 
texture used in Expts 3-5. The surface patches were 
displayed against a background pattern composed of 
random grey-level noise. The generated display gave the 
impression of an opaque screen with two apertures, each 
measuring 2 cm in diameter, through which two spherical 
surface patches appeared to protrude. Pairs of spherical 
patches of various diameters were generated and viewed 
through the apertures. The diameter of a generated sphere 
was never less than the diameter of the aperture through 
which it was viewed. 

The ray casting described was computed from a 75 cm 
distant viewpoint. The stimuli were displayed under polar 
projection on a 19" Sony Trinitron monitor screen under 
the control of a SUN Sparcstation 330. The grey-level 
display provided 8-bit resolution per pixel. In order to 
linearize the display, a lookup table of luminance values 
was determined with a microphotometer and used to 
control stimulus brightness. The position and direction of 
the light source are specified with reference to a 
coordinate frame centred on the patch. The z-axis extends 
out from the centre of the patch. Light source tilt is 
defined as the angle between the projection of the light 
source vector and the positive y-axis,* and light source 
slant describes the angle of the light source vector 
relative to the z-axis (see Fig. 2). 

Tilt / 
Slant / L 

Y 
F|GURE 2. Light source slant and tilt as defined in the experiments. With the Cartesian coordinate system centred on the 
stimulus being viewed, tilt is defined as the angle between the positive y-axis and the projection of the light source vector L on 

the x - y  plane. Slant is defined as the angle between the light source vector and the positive z-axis. 
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Stimuli 

75 cms 

Head & 

chin rest. 

FIGURE 3. The layout of the apparatus during experiments. The subject was seated 75 cm from the display and viewed the 
stimuli monocularly in a darkened room. A head and chin rest was employed to prevent head movements during experimental 

r u n s .  

Procedure 

The task performed was essentially the same in all 
experiments. Subjects were told that they would be 
presented with a series of computer-generated images 
depicting pairs of spheres protruding through circular 
apertures, and that the spheres would always be partially 
occluded by the apertures' borders. The diameters of the 
occluding apertures were fixed at 2 cm. Subjects were 
given a binary choice curvature comparison task in which 
they were asked to indicate, by pressing one of two 
mouse buttons, which one of the two spherical patches 
appeared the more curved. Each stimuli pair remained on 
view until the subject made a response. Subjects viewed 
the stimuli monocularly, with the dominant eye, from a 
distance of 75 cm and were positioned such that the 
dominant eye was aligned perpendicular to the midpoint 
between each pair of stimuli (see Fig. 3). Subjects were 
immobilized with a chin and head rest during a given 
experimental run; eye movements were not restricted. 
The data were collected using an adaptive method of 
constants, APE (Watt & Andrews, 1981). The PSE 
corresponds to the 50% point on the psychometric 
function. A more detailed account of the procedures used 
is given in each of the following experimental sections. 

Experiment 1 

In this experiment we investigated whether the 
apparent curvature of an unambiguous convex surface 
is influenced by the position of the illuminant. We 
measured subjects' perceived curvature for a standard 
spherical patch as a function of the tilt and slant of the 
light source illuminating the patch. In the "til t" 
condition, the light source tilt varied between 0 and 
180 deg, in steps of 45 deg, and the light source slant 
remained fixed at 45 deg (see Fig. 4). In the "slant" 
condition, light source slant varied between 25 and 
65 deg, in steps of 20 deg, with light source tilt remaining 
fixed at 0 deg. The light source for the test patch 
remained fixed at 0 deg tilt, 45 deg slant throughout the 
experiment. The curvature of the standard patch 
remained fixed at 0.7 cm -1, where curvature is defined 
as the reciprocal of the radius. The three light source 
slants and five light source tilts were interleaved in the 
slant and tilt conditions, respectively. Subjects generated 
two psychometric functions for each light source slant 
and tilt. 

Results. Figure 5(a, b) plots the results of Expt 1. We 
can see from these figures that subjects' perception of 
surface curvature depended upon the position of the light 
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FIGURE 4. Pairs of spherical standard and test stimuli depicting the five light source tilt conditions used. All the patches in the 
image have identical curvature. Note that, as the light source tilt is increased, the standard patch appears to become 
progressively less curved than the test patch on the left. The same patches are shown at the bottom of the figure with the random- 

block texture, which was used in Expts 3-5, mapped onto them. 

source. Subjects' curvature perception was veridical for 
the 0 and 45 deg tilt conditions. However, the apparent 
curvature of the standard patch decreased as the light 
source was rotated around the line of sight. The effect is 
greatest for a light source tilt of 180 deg. Figure 5(b) 
shows a similar effect for light source slant. When the 
light source position was identical for both stimuli 
(slant = 45 deg), both subjects' demonstrated veridical 
curvature perception. However, reducing the light source 
slant to 25 deg resulted in subjects underestimating 
surface curvature. When the light source slant was 
increased to 65 deg, surface curvature was overestimated 

by subject MF, but was accurately matched by subject 
WC. 

E x p e r i m e n t  2 

In this experiment we investigated whether the effect 
of light source position on perceived curvature is 
influenced by the reflectance properties of the surface. 
In Expt 1 both the test and standard patches were 
modelled as having Lambertian reflectance functions. It 
is known that a convex surface appears more curved 
when it has a specular, rather than Lambertian, 
reflectance function. Todd and Mingolla (1983) found 
that subjects perceived a cylindrical surface defined by 
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FIGURE 5. Subjects'  perceived curvature of  a spherical surface patch 
with a fixed curvature of  0.7 cm 1 as a function of (a) light source tilt 
and (b) light source slant. As light source tilt is increased beyond 
45 deg the patch 's  curvature is increasingly underestimated by both 
subjects. Similarly, when the light source slant is decreased from 45 to 

25 deg, subjects underestimate the curvature of  the standard patch. 

just shading information as being more curved when a 
specularity was present in the image. However, irrespec- 
tive of which of the two reflectance functions was used, 
surface curvature was generally misperceived. A similar 
effect of surface reflectance was obtained when texture 
was added to the displayed surfaces. Once again a surface 
appeared more curved when a specularity was present. 
Furthermore, perceived curvature was closer to veridical 
for shiny surfaces than for matte surfaces. Bulthoff and 
Mallot (1990) report that in a global shape comparison 
task, in which ellipsoids defined by monocular cues were 
matched with a stereoscopically viewed shape reference, 
subjects underestimated the curvature of textured ellip- 
soids containing matte reflectance properties. When a 
specular component was added to the shading model, 
however, the ellipsoids' curvatures were overestimated. 
Furthermore, the data of Bulthoff and Mallot (1990) 
suggest that the inclusion of a specular component has a 
straightforward additive effect on perceived curvature. 

Given that perceived surface curvature has been shown 
to be enhanced when a surface has non-Lambertian 

*Given that each data set was obtained from just one subject, the 
significance test is strictly valid only to the extent that the 
successive observations are independent. This is a reasonable 
assumption since the stimuli were presented in a random order. 

reflectance properties, Expt 2 investigated whether 
adding a specularity would have an influence on the 
light source position effect. 

Procedure. The procedure was essentially the same as 
that employed in the previous experiment, with one 
exception. Whereas both test and standard stimuli in 
Expt 1 were modelled as having Lambertian reflectance 
properties, the standard stimuli in Expt 2 contained a 
specularity, with a specular-reflection exponent and 
coefficient of 80 and 0.5, respectively. The test stimuli. 
on the other hand, were assigned Lambertian reflectance 
properties. This prevented subjects from making curva- 
ture-matching decisions on the basis of comparing the 
sizes of specularities or their radial distances from the 
centre of each stimulus. Subjects were tested with the 
same light source slants and tilts as in Expt 1. 

Results. Figure 6(a~:l) plots the results from Expt 2. 
Figure 6(a, b) shows the results for the five light source 
tilts, and Fig. 6(c, d) plots the data from the three light 
source slants. For ease of comparison the results from 
Expt 1 have been included in each graph. The data 
suggest a reduction in the influence of light source 
position on perceived curvature when specular highlights 
are included. Note that, for both subjects, the "specular 
surface" data are not parallel to the "matte surface" data. 
In Fig. 6(a-d) there is an impression of the separate data 
plots converging as the light source rotates towards the 
0 deg tilt, 45 deg slant position. This qualitative observa- 
tion raises the question of whether the inclusion of a 
specularity in this experiment had a corrective, rather 
than an additive, effect on perceived curvature. A 
significant interaction between the "matte" and "spec- 
ular" data in each condition would suggest that the 
specularity had exerted a corrective influence on per- 
ceived curvature. For each graph, regression analyses* 
were carried out for the matte and specular conditions 
simultaneously, making allowance for the possibility of 
both differing intercepts and slopes. The results showed 
individual differences between subjects. In the case of 
WC, there was no significant interaction found in either 
the tilt condition ( t l6  = 0.99; P > 0.05) or slant condition 
(ts--2.03; P > 0.05), suggesting that the presence of a 
specularity had an additive effect on perceived curvature 
for this subject. The data for subject MF, on the other 
hand, showed a significant interaction between reflec- 
tance functions in both the tilt condition ( t 1 6 - - 4 . 7 7 :  

P < 0 . 0 0 1 )  and slant condition ( ts=6.97;  P<0 .001) .  
This question of whether specularities have an additive or 
corrective effect on perceived curvature is addressed 
further in Expt 5. 

Past research has shown that illuminant position 
determines whether an ambiguous, shaded object is 
perceived as concave or convex. The results of the above 
experiments demonstrate that illuminant position also has 
an influence on the apparent curvature of unambiguously 
convex objects. A surface's reflectance function is one 
factor which may influence the strength of this effect. 
What other factors could have a bearing on the strength of 
the effect in the above experiments? We know that the 
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FIGURE 6. Perceived curvature of  a spherical surface patch as a function of light source tilt (a, b) and as a function of  light 
source slant (c, d); 0.7 on the y-axis marks veridical curvature. O ,  Data from Expt 1, in which both the standard and test stimuli 
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and the test patch had a Lambertian reflectance function. We can see from the graphs that the standard stimuli in the latter 

experiment appeared more curved to both subjects. 

I 
65.00 

presence of the texture cue contributed to the stimuli 
appearing consistently convex, rather than ambiguously 
concave/convex. From this one might expect that 
replacing the checkerboard with a texture which is less 
effective as a curvature cue will augment the illuminant 
position effect. The relative effectiveness of two texture 
cues can be estimated by comparing the weights that 
would be assigned to the different textures by the visual 
system in an identical curvature comparison task. A cue's 
weight may be defined as the influence, relative to other 
cues in the image, that the cue in question has on the 
visual system's measurement of a given dimension (in 
this case curvature). In Expt 3 we used perturbation 
analysis to identify a texture which is given less weight as 
a cue to curvature than the previously used checkerboard 
texture. In Expt 4 we then tested whether the strength of 
the illuminant position effect is related to the weight of 
the texture cue. 

Experiment 3 

Perturbation analysis describes a technique for esti- 
mating the weight assigned to a cue by the visual system 
(Johnston et al., 1994; Curran & Johnston, 1994b, Landy 
et al., 1990; Maloney & Landy, 1989; Young et al., 
1993). Using this technique subjects are typically 
presented with a mixed-cues stimulus, in which one cue 
differs from the remaining cues in a given dimension (e.g. 
curvature). The apparent curvature of the mixed-cues 

stimulus is estimated from subjects' performance in a 
curvature comparison task, in which the curvature of the 
mixed-cues stimulus is compared with a range of 
consistent-cues stimuli. Using this paradigm, the weight 
assigned to the "inconsistent" cue may be obtained by 
varying its curvature while allocating a fixed curvature 
value for the other cues. The weight assigned to the 
inconsistent cue is simply the ratio between the change in 
the subject's estimate of overall curvature and the change 
in the cue. It is clear from the description of this 
technique that perturbation analysis is a useful tool for 
comparing the effectiveness of different textures as cues 
to surface curvature. We used perturbation analysis to 
compare the weights of two textures: the checkerboard 
texture used in the previous experiments, and a random- 
block texture. The random-block texture was generated 
by randomly assigning one of two grey-level values to 
each square in the original checkerboard texture. This 
manipulation results in disrupting a number of features in 
the checkerboard texture, such as uniform density of 
texture elements and continuous 2-D line curvature. 

Procedure. As in earlier experiments, subjects were 
given a binary choice curvature comparison task in which 
they were presented with pairs of spherical patches 
containing texture and shading information. Both stan- 
dard and test patches had a Lambertian reflectance 
function, and both stimuli were illuminated under 
identical lighting conditions (45 deg slant, 0 deg tilt). 
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FIGURE 7. Estimating the weight assigned to the random-block and 
checkerboard textures. Perceived curvature of an inconsistent-cues 
stimulus is plotted as a function of texture curvature. Shading curvature 
was anchored at 0.7 cm -~ and texture curvature was perturbed about 
this value. The more perceived curvature is removed from 0.7 ( - - - )  
for a given cue-combination, the more heavily weighted the texture 
cue. We can see from these data that the checkerboard texture was 
assigned a higher weight than the random-block texture. This is 
reflected in the differing slopes of regression lines fit to the 
checkerboard and random block data (WC~/.38 and 0.09; 

MF---0.35 and 0.17). 

The standard patch compr i sed  inconsistent  texture and 

shading cues. Shading  curvature was fixed at 0.7 cm -~ 
throughout  the exper iment ;  texture curvature was var ied 

between 0 .33-0 .9  cm -1. There  were  five inconsis tent  cue 
combina t ions  in total, with a g iven cue combinat ion  
remaining  fixed within an exper imenta l  b lock  of  64 trials. 

The test patch st imuli  were generated using consistent  
shading and texture cues. Subjects  were given two 
exper imenta l  runs for each cue combinat ion .  

Results. The data for both subjects  are plot ted in Fig. 
7(a, b), in which perceived curvature of  the inconsistent  
cues st imulus is plot ted as a function of  the curvature of  
the texture cue whi le  shading remains  fixed at 0.7 cm -].  
The s lopes of  the lines fit to the data sets may be taken as 
a measure  of  the weight  ass igned to each texture cue. The 

dashed line in each graph,  with a slope of  zero, shows the 
perceived curvature that would  result if either texture was 
given zero weight ing.  Thus, the greater  the slope, the 
higher the weight  ass igned to a given texture cue. Figure 
7 clear ly demonstra tes  that the s lope of  the " r andom-  
b lock"  data (0.09 and 0.17 for W C  and MF,  respect ively)  
is shal lower  than that of  the " c h e c k e r b o a r d "  data (0.38 
and 0.35) for both subjects,  suggest ing that the random- 

block texture was assigned a lower weight than the 
checkerboard texture. This is confirmed by regression 
analysis, which found a significant interaction between 
the two sets of data for both subjects ( W C - - t I 6  = - 7.77, 
P < 0.001; MF----tt6 = - 2.27; P < 0.05). Thus, using 
perturbation analysis we identified a less effective texture 
curvature cue than the original checkerboard texture. In 
the next experiment, we tested the hypothesis that the 
strength of the illuminant position effect on perceived 
curvature is related to the effectiveness of the texture as a 
cue to curvature. 

Experiment 4 

In this exper iment  subjects '  curvature percept ion of  a 
0.7 cm J curved patch was measured as a function of  
light source tilt. The procedure  was identical  to the tilt 
condi t ion of  Expt 1, with the except ion that the checker-  
board texture was replaced with the random-b lock  
texture. The results of  the previous  exper iment  demon-  
strated a significant difference in the weights  assigned to 
these two textures, with the r andom-b lock  texture given a 
lower  weight  than the checkerboard  texture. If there is a 
relat ionship between the extent to which i l luminant  
posi t ion affects curvature percept ion and the weight  
assigned to the texture cue, then, one would  expect  that 
reducing the weight  of  the texture should result in an 
enhancement  of  the i l luminant  posi t ion effect. 
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FIGURE 8. The effect of light source tilt on perceived curvature of a 
stimulus patch as a function of the texture type used, a random-block 
texture (A) and a checkerboard texture (O); 0.7 on the ordinate marks 
veridical curvature perception. The data demonstrate that the effect of 
light source position on perceived curvature is enhanced when the 
checkerboard texture is replaced with the less-weighted random-block 

t e x t u r e .  
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Results. Figure 8(a, b) plots the results of this texture 
manipulation. The data from the tilt condition of Expt 1 
have been superimposed (solid circles). One can see from 
these plots that increasing light source tilt beyond 90 deg 
results in a surface stimulus appearing less curved, 
regardless of which of the two textures is mapped onto 
the stimulus. The data also show that the effect is dearly 
stronger for a stimulus with a random-block texture 
mapped onto it. Thus, the results of Expt 4 suggest that 
the strength of the effect of light source position on 
perceived curvature is determined, in part, by the weight 
assigned to the texture cue. 

Experiment 5 

Analysis of the data of Expt 2 showed inter-subject 
differences. In the case of WC, the effect of including a 
specularity appeared to be additive. For subject MF, 
however, there was a significant interaction between the 
matte and specular conditions, suggesting that the 
presence of a specular highlight may have had a 
correcting effect on perceived curvature. In Expt 5 we 
investigated whether this inter-subject difference persists 
across texture types. We repeated the light tilt condition 
of Expt 2, this time using the random-block texture. The 
results are plotted in Fig. 9(a, b), which plots subjects' 
perceived curvature as a function of the light source tilt. 
The solid triangles plot the data from Expt 5. The data 
from Expt 4 (O)  are included for comparison. It is clear 
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FIGURE 9. Perceived curvature of  a spherical patch with a random- 
block texture as a function of  the surface's reflectance propert ies--  
specular (A)  or matte (O) .  The data for the matte stimuli are taken 
from Expt 4. As in Expt 2, these data show a clear enhancement of 

perceived curvature when a specularity is added to the image. 

from these plots that, for both subjects, the data from the 
two reflectance functions run nearly parallel. This is 
confirmed by regression analysis, which found no 
significant interaction between the two reflectance 
conditions (WC--t16 = 1.82, P > 0.1; MF--t]6 = 0.67, 
P>0.1) .  Thus, when the random-block texture was 
mapped onto the patch stimuli, the presence of a 
specularity had an additive effect on perceived curvature. 

DISCUSSION 

The experiments described in this paper investigated 
what effect illuminant position has on the apparent 
curvature of an unambiguously convex surface. Previous 
research (Johnston & Passmore, 1994a,b; Mingolla & 
Todd, 1986; Todd & Mingolla, 1983) has shown that 
subjects' performance on surface curvature and surface 
orientation tasks may be influenced by light source 
position. Our experiments were an attempt at a systematic 
investigation of this issue. We used computer-generated 
spherical surface patches defined by shading and texture 
cues, and containing either matte or specular reflectance 
functions, in a curvature comparison task. The perceived 
curvature of a stimulus patch was measured as a function 
of the light source tilt and slant. 

The results of Expt 1 showed a clear effect of 
illuminant position on perceived curvature, with the 
apparent curvature of a spherical patch decreasing as the 
light source moved away from above the viewpoint and 
rotated around the line of sight. A similar effect was 
observed when the light source slant was lowered. It 
could be argued that subjects may have been making their 
curvature judgements on the basis of the global contrast 
of the stimulus, which can vary with light source position. 
While it is true that these variables did co-vary in the light 
source slant condition, this is not true of the experiments 
in which light source tilt was varied. Since the stimuli 
used were polar symmetrical, varying the light source tilt 
in these experiments was equivalent to rotating the 
stimulus image; consequently, global contrast was 
unaffected by varying light source tilt. 

Suppose the visual system processes shaded images in 
accordance with an assumption that surfaces are 
illuminated by a single light source from above. If the 
visual system continued to use this strategy for images 
containing shading and texture, then, for surfaces 
illuminated from below, the visual system would treat 
the two cues as being in conflict. In other words, the 
shading cue would be indicative of a concave surface and 
the texture cue would be indicative of a convex surface. 
We know that in these experiments, in which just two 
cues are combined, the texture weight is <0.5. On the 
basis of a weighted cue combination model (Curran & 
Johnston, 1994b; Landy et al., 1990) one would predict 
that the combined percept would result in a moderately 
concave patch. However, textured patches illuminated 
from below are seen as convex. One possibility is that the 
concave shaded patches are perceived as being less 
curved than convex patches of the same curvature. The 
illuminant position effect may then be explained in terms 
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of a weighted cue combination rule, in which both cues 
are given a non-zero weight, and which would result in 
perceived curvature lying somewhere between the two 
curvatures depicted by the two cues. This would explain 
why the light source position effect was enhanced in Expt 
4, when the weight of  the texture cue was reduced by 
replacing the checkerboard texture with a random-block 
texture. 

A Bayesian approach to cue integration (Bulthoff, 
1991; Clark & Yuille, 1990) offers an alternative 
explanation for this relationship between the texture 
weight and the strength of the illuminant position effect. 
Within this framework the visual system employs prior 
probabilistic assumptions about the environment, which 
constrain the number of  possible interpretations of  a 
given image. It is assumed that the visual system draws 
on different prior probabilities when processing different 
cues. When only shading is available in the image, 
assumptions, such as the single light source from above 
assumption, would be expected to heavily influence the 
end percept. However, the addition of texture makes 
more information available and, consequently, the 
influence exerted by such assumptions over perceived 
shape would be weakened. Thus the influence of the 
shading prior probabilities would be inversely related to 
the effectiveness of  the texture cue. If  the texture 
curvature cue is disrupted, as in the case of  the random- 
block texture, a Bayesian model would predict more 
reliance on the shading prior probabilities, and a 
subsequent enhancement of  the illuminant position 
effect. 

It has been proposed that, in the case of  curvature 
perception, texture compression dominates over texture 
density (Cutting & Millard, 1984; Todd & Akerstrom, 
1987) and that this relative dominance increases with 
surface elongation (Blake et al., 1993). .This might 
explain the lower weight of  the random-block texture 
relative to the checkerboard texture. In the former case 
the random clustering of texture elements results in a 
variation in texture element size, which, in the case of  a 
small field of  view, may interfere with the extraction of  
curvature information from the compression cue. Malik 
and Rosenholtz (1994) describe a method for the 
recovery of surface orientation and curvature based on 
local measures of  texture distortion between neighbour- 
ing surface patches. Any technique based on comparisons 
between adjacent regions would be degraded to some 
degree by an increase in the irregularity of  the surface 
texture, and would thus predict a reduction in the texture 
weight for the random-block case. A third possibility is 
that the reduced weight of  the random-block texture is a 
consequence of fragmentation of the continuous line 
segments that appear in the checkerboard grid (Curran, 
1994). 

The results from Expt 2 are equivocal on the question 
of whether specularities have an additive effect on 
perceived curvature. The work of Bulthoff and Mallot 
(1990) suggests that this is the case. Our results from 
Expt 2 show individual differences. However, these 

individual differences were not replicated in Expt 5, in 
which the checkerboard texture was replaced with the 
rand0m-block texture; rather, the data from both subjects 
showed an additive effect on perceived curvature. Thus, 
when considering the results of  Expts 2 and 5, the balance 
of evidence favours an additive influence of specularities 
on perceived curvature. 
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