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Abstract Extremal edges (EEs) are borders consisting of
luminance gradients along the projected edge of a partly
self-occluding curved surface (e.g., a cylinder), with
equiluminant contours (ELCs) that run approximately par-
allel to that edge. Gradient cuts (GCs) are similar lumi-
nance gradients with ELCs that intersect (are Bcut^ by)
an edge that could be due to occlusion. EEs are strongly
biased toward being seen as closer/figural surfaces (Palmer
& Ghose, Psychological Science, 19(1), 77-83, 2008). Do
GCs produce a complementary bias toward being seen as
ground? Experiment 1 shows that, with EEs on the oppo-
site side, GCs produce a ground bias that increases with
increasing ELC angles between ELCs and the shared edge.
Experiment 2 shows that, with flat surfaces on the opposite
side, GCs do not produce a ground bias, suggesting that
more than one factor may be operating. We suggest that
two partially dissociable factors may operate for curved
surfaces—ELC angle and 3-D surface convexity—that re-
inforce each other in the figural cues of EEs but compete
with each other in GCs. Moreover, this figural bias is mod-
ulated by the presence of EEs and GCs, as specified by the
ELC angle between ELCs and the shared contour.
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Edges in a projected image that arise from partial occlusion of
surfaces provide important information about the object
boundaries and relative depth relations between the two adja-
cent regions. The occluding surface appears closer to the
viewer than the occluded surface and Bowns^ the edge, where-
as the occluded surface is farther from the viewer and extends
behind the edge (e.g., Nakayama, Shimojo, & Silverman,
1989). Accurate interpretation of occlusion edges is therefore
crucial in both human and computer vision. The central ques-
tion is how an edge interpretation algorithm can determine
which adjacent region is the projection of the closer, occluding
surface and which is that of the farther, occluded surface.

Aversion of this problemwas first identified and studied by
Gestalt psychologists nearly a century ago as the phenomenon
of figure–ground organization (Rubin, 1921/1958). perceiv-
ing which side of a shared contour in a flat 2-D image corre-
sponds to the surface that is closer to the observer, and thus
Bowns^ the edge (i.e., the Bfigural^ side), and which side is
farther away and continues behind the edge (the Bground^
side). Various image-based cues that the visual system uses
to infer information about relative depth across shared edges
have previously been identified (see Palmer, 1999; Peterson,
2003; and Wagemans et al., 2012, for reviews). These cues to
the figural side include the region that is smaller and
surrounded (Rubin, 1921/1958). more symmetrical
(Bahnsen, 1928). more convex (Kanizsa & Gerbino, 1976;
Metzger, 1953). more familiar (Peterson & Gibson, 1991,
1994). higher in contrast with the background (O’Shea,
Blackburn, & Ono, 1994), lower in the visual field (Vecera,
Vogel, & Woodman, 2002). wider at the base (Hulleman &
Humphreys, 2004). grouped with the edge by virtue of
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relevant grouping factors (Palmer & Brooks, 2008). and/or
continuous with an extremal edge (Ghose & Palmer, 2010;
Huggins & Zucker, 2001a, 2001b; Palmer & Ghose, 2008).

The goal of the present researchwas to investigatewhether an
additional cue, called Bgradient cuts^ (GCs; Huggins & Zucker,
2001a, 2001b). that is evident in images of 3-D curved surfaces
is relevant to the perception of relative depth and figure–ground
in human vision. In 3-D curved surfaces, GCs arise when a
shading gradient ends at the shared edge due to (a) the termina-
tion of its physical surface at the edge, (b) occlusion at the shared
edge by a closer surface, or (c) both (a) and (b). GCs can be
considered the complement of the figural cue of Bextremal
edges^ (EEs; Ghose & Palmer, 2010; Huggins & Zucker,
2001a, 2001b; Palmer & Ghose, 2008). but not in the sense of
being a necessary characteristic of the opposite side of the same
edge, as is true for the classic cues of convexity, small size, and
so forth. That is, for these classic cases of complementary cues,
if one side is convex, the opposite side must be concave, and if
one side is smaller, the other must be larger. This clearly is not
the case for EEs and GCs, because both sides of the shared edge
can be EEs or both sides can be GCs. In the case of EEs and
GCs, the complementarity arises at the level of the defining
feature of a single side of the edge. That is, the only difference
between EEs and GCs lies in the angle between the shared edge
and the equiluminance contours (ELCs) of their luminance gra-
dients: For EEs the ELCs are approximately parallel to the edge
(from zero to some upper bound of Δ deg), whereas for GCs
they intersect the edge at some nonzero ELC angle (greater than
Δ deg). In this article, we examine EEs and GCs in terms of the
implications of their commonalities (e.g., their 3-D surface con-
vexity) and differences (e.g., the sizes of their ELC angles) for
relative depth and figure–ground perception.

Until recently, nearly all research on figure–ground per-
ception has used displays in which both regions attached to
the edge are homogeneous in color and texture and there-
fore are perceived as flat. However, different shading and
texture gradients arise in the proximal stimulus due to op-
tical factors, even when the distal surface is homogeneous
in color and texture. Once surface shading and/or texture is
included, new figure–ground cues can (and do) arise that
relate to perceiving figure–ground organization in surfaces
that are curved in depth. Such cues include EEs and might
also include GCs. When a curved surface partly occludes
itself, its EE leaves an optical signature characterized by
the border of a luminance gradient1 whose ELCs are

roughly parallel to the edge, as is illustrated in Fig. 1a
and b (Huggins, Chen, Belhumeur, & Zucker, 2001;
Huggins & Zucker, 2001a, 2001b).2 Palmer and Ghose
(2008) reported psychophysical data establishing EEs as
a powerful figural cue in the absence of any other known
cue. Subsequently, Ghose and Palmer (2010) reported fur-
ther psychophysical evidence that when EEs are combined
with other figural cues (smaller size, edge convexity, fa-
miliarity, and surroundedness), the effects of EEs were
dramatically stronger. The EE on the outer side of the inner
edge of a torus (or donut), for example, is easily perceived
as the closer figure, even though it is highly concave and
fully surrounds the visible region of the surface visible
through the central hole. In complex natural scenes, fig-
ure–ground organization is processed from a combination
of information about global features (e.g., region convexi-
ty) and local features (e.g., T-junctions) (Ramenahalli,
Mihalas, & Niebur, 2011, 2014). Because EEs can be ex-
tracted from local spatial filters around the edge, they are
more efficient for figure–ground computations than global
properties. In their study with grayscale natural images,
Ramenahalli et al. (2011) established that EEs are abun-
dant, easily detectable, and carry a unique statistical signa-
ture that can be used in subsequent figure–ground organi-
zation algorithms.

EEs arise primarily when a curved surface partly oc-
cludes itself (e.g., the yellow squash shown in the inset of
Fig. 1). GCs tend to arise either when a similarly curved
surface is partly occluded by another surface that is closer
to the viewer (e.g., the orange squash in Fig. 1 being
occluded by the yellow one) or when such a surface has
been physically cut so that its surface terminates at the
edge (e.g., the lip of the gray jar in Fig. 1). Figure 1c
illustrates EEs and GCs in a pure, idealized form, show-
ing an EE on the left side of the edge and a GC on the
right side of the same edge that is identical except for
being rotated 90° relative to the edge. As this example
illustrates, the signature difference between EEs and
GCs is the difference in the angle between the ELCs
and t h e s h a r e d e dg e . I n EE s , t h e ELCs a r e
(approximately) parallel to the shared edge, so the ELC
angle is (approximately) zero. In GCs, the ELCs intersect

1 We use the term Bluminance gradient^ as a general description that
includes both shading gradients (e.g., the left edge of the gray jar in
Fig. 1A) and highlight gradients (e.g., the right edge of the gray jar).
EEs and GCs in texture gradients are also possible, if one simply replaces
ELCs with equidensity contours in the definitions and descriptions given
here, though we have not used texture gradients in the research reported
here.

2 In the computer vision literature, EEs have sometimes been called
Bfolds,^ following the naming convention in topology (e.g., Huggins &
Zucker, 2001a, 2001b). This label seems to apply more naturally to situ-
ations in which gradient patterns define a depth edge between different
regions of the same surface, such as folds of cloth in curtains or a full
skirt. In discussing figure–ground issues, we prefer the EE terminology
employed by Barrow and Tennenbaum (1978), because it applies to cases
in which the edge in questionmarks the bounding contour of the object on
one side. Nevertheless, we acknowledge that what we mean by BEEs^ is
the same as what Zucker and colleagues (Huggins et al., 2001; Huggins&
Zucker, 2001a, 2001b) mean by Bfolds,^ and that contours with the gra-
dient structure of EEs do not always correspond to object boundaries.
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the shared edge and the ELC angle is perceptibly different
from zero (90° in Fig. 1c). When the ELCs of a GC
intersect the shared edge, they form what we will call
Bvirtual T-junctions,^ in which the stem of the T is along
an ELC and its top is along the shared edge (see Fig. 2).3

Although the presence versus absence of virtual T-
junctions technically discriminates between EEs and
GCs, there will clearly be cases in which the ELC angle
is so close to zero that virtual T-junctions will not be
detected, leading observers to perceive an EE in the pres-
ence of technically present virtual T-junctions (e.g., the
ELC angles in the range of 2° to 4° in Fig. 3).

Standard, explicit T-junctions arising from luminance-
defined edges are known to be cues to occlusion and relative
depth across an edge, with the top of the T being perceived as
the edge of the closer, occluding surface, and the stem of the T
belonging to the farther, occluded surface (e.g., Cavanagh,
1987; Peterson & Hochberg, 1983).4 It therefore seems

possible that the virtual T-junctions formed by the ELCs of a
luminance gradient and the edge with which they intersect
might also be sufficient to produce a depth-based ground bias
on the GC side of an edge. If this hypothesis is true, then GCs
should produce a ground bias when paired with a flat surface
on the opposite side of the shared edge. However, this predic-
tion is contrary to a claim by Huggins, Zucker, and colleagues
in the computer vision literature (Huggins, Chen, Belhumeur,
& Zucker, 2001; Huggins & Zucker, 2001a, 2001b) that GCs
show a ground bias only when paired with EEs on the other
side of the shared edge. However, their definition of Bcuts^ is
more general and includes image edges arising from surface
boundaries, surface normal discontinuities (e.g., two sides of a
cube), reflectance edges, and shadows. Such a broad defini-
tion of GCs does not allow for a thorough investigation of the
ground bias. In this study, we constrained the shared edge of
GCs to be a depth edge and investigated figure–ground per-
ception in GCs versus flat conditions and GCs versus EE
conditions, in which GCs differ from EEs by the single feature
of ELC angle.

Palmer and Ghose (2008) reported results from certain con-
trol conditions in their original EE article that contradict the
hypothesis that virtual T-junctions bias the perception of
ground, however. In particular, when GCs at a 90° ELC angle
were paired with flat textured surfaces (see Palmer & Ghose,
2008, Fig. 2, row 2, column 3). GCs were seen as the closer
figure about 65 % of the time. Although this difference was
not reliably above chance (50 %), it is certainly not reliably
below chance, which would be predicted on the basis of vir-
tual T-junctions. We note that this result is consistent with the
claim by Huggins, Zucker, and colleagues that GCs only bias
a ground interpretation when they are opposite an EE
(Huggins et al., 2001; Huggins & Zucker, 2001a, 2001b). In
that case, GCs would be similar to the ground bias of
Bhomogeneously colored regions^ (Peterson & Salvagio,
2008) in being highly sensitive to context. That is, homoge-
neously colored regions show a ground bias in a display with
multiple shared edges when the homogeneously colored re-
gions are present on the concave side of the concave/convex
boundaries, but not when the multiple concave/convex edges
are replaced by straight edges.

Another way to explain the existing data, however, is to
consider the possibility that two distinct factors may be at
work in determining the relative depth and figure–ground per-
ception of curved surfaces based on the EEs and GCs of lu-
minance gradients: namely, perceptually nonzero ELC angles
(or, equivalently, perceived virtual T-junctions) and 3-D sur-
face convexity. We have already suggested why the presence
of ELC angles noticeably greater than zero might serve as a
potential cue to the farther ground, but that cue alone does not
explain how ELC angles near 0° in EEs produce a strong cue
to figure. Something else must be going on. Now suppose that
this Bsomething else^ might be that 3-D surface convexity is

Fig. 1 Extremal edges (EEs) and gradient cuts (GCs) in figure–ground
organization. (a) When opaque surfaces at different environmental
distances are optically projected onto a 2-D surface, rich information is
present in natural images, in the form of shading, highlight, and texture
gradients that influence the perception of relative depth and border
ownership (see the text for further information). (b) Enlarged image of
a rectangular area in panel A, with labels for the EE and GC sides of the
shared edge. (c) A pure example of an EE (left side) opposite a GC (right
side) that are identical except for the orientations of the luminance
gradients relative to the shared central edge

3 We call them Bvirtual T-junctions^ because the ELCs of a luminance
gradient are not Breal^ contours, but ones that are inferred by computing
image-based properties of the luminance structure of the gradient.
4 Subsequent research by Gillam and Grove (2011) demonstrated that T-
junctions are more effective as cues to ground when they have higher
entropy.
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itself a cue to figure. In this context, B3-D surface convexity^
refers to the possibility that, all else being equal, a surface that
Bbulges^ toward the observer will tend to be seen as figural
and closer than an adjacent surface that is not 3-D convex.
This would be consistent with ecological considerations such
as the facts that many solid objects (and particularly natural
ones) have convex surfaces at or near their edges and that solid

objects are frequently seen against regions that people per-
ceive as flat, such as sky, walls, floors, ceilings, and table tops.
We freely admit that we know of no Bground truth^ evidence
that this is the case, but it seems plausible that ecological
statistics, if available, would bear this out.

In the case of EEs, these two factors are mutually consistent
with a figural interpretation. That is, both the cues of near-zero

Fig. 2 Construction and sample displays for the full-cycle and partial-
cycle EE cropping conditions in Experiment 1. (a) Equiluminance
contours (ELCs) are represented (in the online file) by blue dashed lines,
extremal edges (EEs) by dotted red lines, and gradient cuts (GCs) by solid
green lines. The ELC angle (in purple) is the acute angle between
the shared edge and the equiluminance contours of the GC (farther and
partly occluded) side. EEs exist at shared edges where the ELCs are
parallel to the edge (i.e., the ELC angle is zero). GCs exist at shared
edges where the ELCs are not parallel to the edge (i.e., the ELC angle
is different from zero). The radius of curvature of the cylinder on the
variable GC side (shown on the left of each image in panel b) was

constant in all conditions. The EE cylinder (shown on the right in panel
b) was always vertical, whereas the GC cylinder was rotated to vary the
ELC angle. The value of the ELC angle was varied from 0° to 90°, as is
shown in Fig. 3. A rectangular window (represented in panel a by a black-
edged rectangle with a translucent orange overlay) was used to crop the
region of interest so that only portions of the two cylindrical surfaces and
the central edge were visible. Both left and right reversals of the display
were included in the experiment. (b) Sample displays for the full-cycle
EE cropping condition (left column) and the partial-cycle EE cropping
condition (right column) are shown when the ELC angle was 8° (top row)
and 82° (bottom row), with the variable GC side on the left

Fig. 3 A representative set of
displays in Experiment 1, in
which the variable GC side was
on the left for both the partial-
cycle and full-cycle EE cropping
conditions. The EE side (on the
right) had a constant curvature
with a single EE visible in the
partial-cycle EE cropping
condition (a) or a variable
curvature with two EEs visible in
the full-cycle EE cropping
condition (b), as we explain in the
text
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ELC angles and 3-D surface convexity bias the EE side of the
edge toward a figural interpretation, thus producing a strong
combined bias toward being seen as closer figures. GCs are
more complex, however, because the figure–ground interpre-
tations of the same two factors oppose each other for the same
region and will tend to cancel. When paired with a flat region,
for example, the 3-D convexity of the GCmight bias it toward
being perceived as a closer, figural surface, whereas its virtual
T-junctions arising from large ELC anglesmight bias it toward
being perceived as a farther, ground surface. The result thus
might be no net bias, a figural bias (if 3-D convexity domi-
nates the virtual T-junctions), or a ground bias (if the virtual T-
junctions dominate the 3-D convexity). When that same GC is
paired with a similarly convex EE, however, there is no dif-
ference in 3-D convexity, so the presence of virtual T-
junctions due to large ELC angles will produce a bias toward
ground as the ELC angle increases from 0°. These two fac-
tors—ELC angle size and the degree of 3-D convexity—must
therefore be teased apart to test this two-factor account of the
roles of EEs and GCs in figure–ground organization.

Lawlor et al. (2009) provided a rigorous mathematical
analysis of how apparent contours interact with local shading
to provide important monocular shape cues that can be used
for further associations of borders with figure rather than
ground in physiological boundary detection systems (e.g.,
Zhou et al., 2000). In the present two experiments, we provide
psychophysical data on how the exterior edges of smooth
convex surfaces (EEs) show primacy over the transversally
cut-off shading gradient (GCs) of a similarly convex object.
However, in the absence of an adjacent EE (i.e., with a flat
adjacent side), the 3-D convexity of a GC shows primacy over
transversally cut shading gradients for deciding border
ownership.

In the first experiment, we investigated the conditions un-
der which the EEs of smooth convex surfaces are seen as
closer and figural when paired with GCs of a similarly convex
surface. The second experiment showed that in the absence of
an adjacent EE (i.e., with a flat adjacent side), the 3-D con-
vexity of a GC tends to be seen as figural and closer than an
adjacent flat side.

Experiment 1: GCs versus EEs—Effects of ELC
angle alone

In Experiment 1 we explicitly tested the effect of the size of
the ELC angle when both sides of the edge have the same 3-D
convexity. Figure 2 shows the general construction of these
displays, representing (in the online version) ELCs as dashed
blue lines, EEs as dotted red lines, and GCs as solid green
lines. One side, which we will call the Bconstant^ (or EE) side,
was always an EE at a vertical orientation, such that its ELCs
were parallel to the central vertical edge and its ELC angle was

0°. It was rendered as some portion of a cylinder bymeans of a
luminance gradient. The other side, which we will call the
Bvariable^ (or GC) side, had a luminance gradient whose
ELC angle varied from 0° to 90°. The variable side was also
rendered as a cylinder by a luminance gradient, but in a depth
plane behind that of the constant side, such that the EE on the
constant side occluded the variable side and Bcut^ its lumi-
nance gradient when the ELC angle was greater than 0°. (Note
that when the ELC angle was 0°, the gradient on the variable
side was also an EE, but we will nevertheless sometimes refer
to the variable side as the BGC side^ to maintain the same
terminology as for other ELC angles.)

When the variable side had an ELC angle at or near 0°, the
probability of seeing it as the closer figure should be about
50 %, because the constant side was also an EE with compa-
rable 3-D convexity. Under these circumstances, the figural
biases on both sides of the edge would be equal and should
cancel completely, resulting in 50 % figural responses. When
the variable side was a GC with an ELC angle sufficiently
greater than 0°, however, the probability of seeing it as the
closer figure should drop significantly below 50% as the ELC
angle increases, because the variable side would now produce
virtual T-junctions in the absence of such virtual T-junctions
on the constant EE side.

Method

Participants Fifteen students with normal or corrected-to-
normal vision at the University of Kaiserslautern, Germany,
volunteered to participate in the experiment for payment at the
rate of €6/h. All experiments were approved by the Committee
for the Protection of Human Subjects at the University of
Kaiserslautern, Germany. Informed consent was obtained
from all participants before they began the experiment.

ApparatusDisplays were shown on a Dell UltraSharp U3014
monitor (screen size 64.1 cm × 40.1 cm) with 2,560 × 1,
600 pixel resolution at a refresh rate of 60 Hz, in an otherwise
dark room. Participants were positioned such that their eyes
were centered on the screen and the viewing distance was
64 cm (1.42° of visual angle). The size of the images, includ-
ing a homogeneous gray surround, was 484 × 384 pixels
(~10.75° × 8.5°). The participant’s head was stabilized using
a chin and forehead rest, and presentation and response col-
lection were controlled by a MATLAB program (MathWorks
Ltd.), using routines from the Psychophysics Toolbox
(Brainard, 1997).

Design The complete set of 60 displays was generated by a
factorial combination of three factors: ELC angle, GC posi-
tion, and cropping condition. In all, 15 ELC angle sizes on the
GC side were sampled more finely near zero and 90° (0°, 2°,
4°, 8°, 16°, 26°, 32°, 45°, 58°, 64°, 74°, 82°, 86°, 88°, and
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90°). The variable (GC) side of the display was positioned
either on the left or on the right. The two cropping conditions
(full-cycle and partial-cycle) arose from trade-offs in the meth-
od used to crop the cylindrical images on the EE side, as we
explain below.

Stimuli The images were created by first rendering two cylin-
drical luminance gradients in POVRAY, an open-source ray-
tracing program (www.povray.org/). The constant EE cylinder
was always vertical,5 and the variable GC cylinder was rotated
through a variable angle away from vertical (see Fig. 2a). The
two gradient sides were then put together using Adobe
Photoshop (www.adobe.com/photoshop), with the constant EE
cylinder in the closer layer and the variable GC cylinder in the
farther layer. Both layers were at 100 % opacity so that the
constant EE cylinder occluded some portion of the variable
GC cylinder, except at an ELC angle of 0°. The resulting
composite image was then cropped using the largest
rectangular window that showed nothing except the surfaces
of the two cylindrical surfaces and the shared edge (Fig. 2a).
Because relative size is known to be a relevant factor in
figure–ground organization (Rubin, 1921/1958). the 2-D areas
of the two depicted surfaces within the cropping window were
equal. As a result, the cropping window size varied as a function
of the ELC angle, decreasing as the ELC angle increased from
0° to 90°. The overall luminances of the two sides were also
approximately the same, to control for differences in contrast
with the background that also might influence figure–ground
perception (Rubin, 1921/1958). The radius of curvature on the
variable GC side was the same in every image.

Two different sets of images were then created that differed
in the radius of curvature on the constant EE side. In the
partial-cycle EE cropping condition, the radius of curvature
of the EE side was also held constant, but the proportion of the
EE cylinder’s full-cycle gradient that was visible necessarily
varied to keep the two sides equal in area, decreasing from
100 % at 0° to 50 % at 90°. In the full-cycle EE cropping
condition, the visible percentage of the EE cylinder’s lumi-
nance gradient was held constant by varying the EE cylinder’s
radius of curvature so that its entire luminance gradient was
visible in every display, which always showed two EEs, one
along the shared edge and the other on the opposite side. The
EE’s radius of curvature in the full-cycle EE cropping condi-
tion for the 90° ELC angle was approximately the same as that
in the partial-cycle condition for the 90° ELC angle,6 but it
decreased systematically to 50 % of that radius as the ELC

angle decreased to 0°. A representative sample of the displays
in which the GC side is on the left is shown in Fig. 3. Each
participant saw four replications of each display.

Procedure Participants were instructed to indicate which side
of each display appeared closer and figural on each trial by
pressing the corresponding left or right arrow key. The exper-
iment began with ten practice trials (without feedback), whose
purpose was to familiarize participants with the response map-
ping. After the practice trials, the experimental trials were
presented in a single block, during which the participants were
allowed to take a break, if they wished, after any response.
Each trial began with a large fixation cross in the center of a
random noise field measuring 310 × 310 pixels, all
surrounded by a 50 % gray background. The observer started
the presentation of the next display with a key press when he
or she was ready. The shared border between the two regions
was on the central vertical axis of the fixation point. Each
display was presented for 2 s, at which time the display was
replaced with a large question mark in the center of another
310 × 310 pixel random noise field, which stayed on until the
participant had responded. The participants had enough time
to move their eyes and explore the full display before deciding
on the figure–ground judgment. As soon as a response was
made, the random noise field containing the large fixation
cross was presented on a 50 % gray background to indicate
the start of the next trial.

Results and discussion

The percentages of trials on which participants chose the var-
iable GC side as closer are plotted in Fig. 4 as a function of
ELC angle, averaged over the four replications, left/right po-
sition of the variable GC side, and the full-cycle versus partial-
cycle EE cropping conditions. We found no reliable main
effect of the left/right position of the GC side [F(1, 14) =
0.26, p = .61, ηp

2 = .02], cropping condition [F(1, 14) =
1.31, p = .27, ηp

2 = .08], or their interaction [F(1, 14) =
1.25, p = .28, ηp

2 = .08]. There was a main effect of ELC
angle [F(14, 196) = 14.25, p < .0001, ηp

2 = .5], but no signif-
icant interaction between ELC angle and cropping condition
[F(14, 196) = 1.03, p = .43, ηp

2 = .07]. When the ELC angle
was 0°, the shared edge was an EE for the luminance gradients
on both sides, and the probability of selecting either side as
closer was not different from chance (50 %). The EE side was
first reliably seen as nearer than the GC side when the ELC
angle was 4°. [For ELC angles from 4° to 90°, all ts(14) > 3.0,
and all ps < .01]. As the ELC angle increased from 0°, the
percentage of times that the GC side was chosen as figural
diminishedmonotonically and asymptoted near 10%, indicat-
ing a strong bias toward seeing the variable GC side as the
farther ground with increasing ELC angle.

5 Palmer and Ghose (2008) tested vertical EEs and horizontal EEs and
found that they were similar, except for a lower-region bias (Vecera et al.,
2002) that operated additively in the horizontal shared-edge conditions.
6 The 90° ELC angle stimuli in the full-cycle and partial-cycle conditions
were not exactly the same. The partial-cycle stimuli were cropped slightly
more than the full-cycle stimuli to ensure the presence of one or two EEs
in the image, respectively.
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The initial steep decrease in seeing the variable GC side as
figural and closer is consistent with the possibility that people
detect the virtual T-junctions as the ELC angle increases from
zero. It is difficult to specify some particular ELC angle at
which this occurs because the decline is relatively smooth,
but the decrease in figural responses to the variable GC side
is approximately exponential until about 26°, at which point it
declines more slowly and about linearly with further increases
in ELC angle. This pattern of results is generally consistent
with the hypothesis that people tend to perceive the GC side as
farther away and ground when its ELC angle is sufficiently
greater than zero.

The present results clearly indicate that the ELCs of the
shading gradients of a cylinder do not have to be exactly
parallel to the shared edge to be interpreted as EEs. Indeed,
the probability of seeing the gradient region as figural is quite
high up to ELC angles of about 4°, and then drops steeply
until about 26°, at which point it appears to level off, decreas-
ing slowly to around 10% figural responses. This broad range
of ELC angles may result from the effects of EE gradients that
are generated by other curved surfaces, such as cones and
spheres, for which the ELC angles are not 0°. Generally
speaking, the ELC angles of such curved surfaces on the EE
side can be very close to 0° when the ELC is close to the edge,
but they can deviate considerably from 0° as the ELC be-
comes more distant from the edge. Perhaps this is part of the
reason why the decrease in figural responses is not steeper and
does not asymptote at 0 % figural responses.

Experiment 2: GCs versus flat regions—Joint effects
of ELC angle and 3-D convexity

Experiment 1 showed that, when the opposite side of a GC is
an EE, increasing the ELC angle of the GC side relative to the
shared edge dramatically decreased the probability of perceiv-
ing the GC side as closer and figural (i.e., dramatically in-
creased the probability of perceiving the GC side as farther
and ground). The most obvious interpretation of this finding is
that, as the angle between the ELCs and the shared edge in-
creases from 0° to about 26°, the resulting virtual T-junctions
bias observers increasingly toward seeing the GC side as a
farther surface whose ELCs have been Bcut^ by the closer,
occluding EE.

An alternative interpretation is as follows, however.7 When
the ELC angle is 0° on the variable GC side, both sides of the
common edge are EEs, so the probability of seeing one side as
figural in a two-alternative forced choice paradigm is essen-
tially at chance (50 %). Increasing the ELC angle from 0° to
90° does not bias that side toward ground, but simply weakens

the figural bias of that GC side, which is maximal at 0°. As the
figural bias on the variable GC side weakens at larger ELC
angles, the constant EE side, which always has an ELC angle
of 0°, will increasingly win the competition for figural status
(e.g., Peterson & Salvagio, 2008; Peterson & Skow, 2008;
Vecera, 2000).When the variable ELC angle increases beyond
about 26°, the constant EE side wins 85 %–90 % of the time.
In this interpretation, there is no real Bground bias^ due to
larger ELC angles on the variable GC side, but only a weak-
ening of its figural bias as the ELC angle increases.

The distinction between a Bbias toward ground^ and a
Bbias away from figure^ might seem to be merely semantic,
but the two hypotheses actually make different predictions if
the side opposite the GC is Bneutral^ in terms of figure–
ground perception. Given current knowledge about figure–
ground cues (see Wagemans et al., 2012, for a recent
review). a region having no intrinsic bias toward being seen
as either figure or ground should be a flat region with a
straight, vertical edge whose size, shape, and contrast with
the background are all perceptually equal to those properties
of the region on the opposite side of the edge. If GCs produce
a bias toward being perceived as a farther ground surface, then
GCs with sufficiently large ELC angles should then be seen as
farther grounds when they are opposite such a flat and other-
wise neutral region. However, if increasing ELC angles mere-
ly weaken a figural bias for the gradient side, then GCs should
produce no bias toward the perception of ground when they
are opposite a flat and otherwise neutral region, even at large
ELC angles. We tested these predictions in Experiment 2.

We note in advance, however, that these predictions are
based on the assumption that no figure–ground cues other than
the virtual T-junctions introduced by large ELC angles differ-
entiate between the GC side and the flat side. In particular, if
3-D convexity itself is indeed a cue to figure, then the GC side
will always contain an additional bias toward being seen as
figure, because its luminance gradient causes it to be per-
ceived as 3-D convex.

We examined relative depth and figural perception for sim-
ple bipartite displays in which the shared central contour was
vertical and straight with a luminance gradient of variable
ELC angle on the variable side and a flat surface on the con-
stant side. The flat side was made globally equivalent in light-
ness to the GC side by randomizing the positions of the pixels
on the variable GC side to form a globally uniform gray tex-
ture (see Fig. 5). This randomization was done separately for
each ELC angle and cropping condition (see below), such that
each display was fully equivalent on both sides in terms of
global contrast with the background. The displays were made
by creating luminance gradients of a single cylinder at differ-
ent ELC angles (from 0° to 90°) in a farther layer behind the
flat-textured surface with a vertical edge in the closer layer. To
avoid possible confounds due to the orientations of the rect-
angular windows used in Experiment 1, we cropped the

7 We thank an anonymous reviewer for suggesting this interpretation of
Experiment 1’s results.
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resulting images in the present experiment with an orientation-
free circular window that precisely equated the 2-D areas of
the two surfaces.

Method

Participants Fifteen students with normal or corrected-to-
normal vision at the University of Kaiserslautern, Germany,
volunteered to participate in the experiment at the rate of €6/h.
Informed consent was obtained from all participants before
they began the experiment itself.

Design The complete set of 68 displays was generated by a
three-way factorial design defined by the combination of 17
ELC angle sizes (0°, 1°, 2°, 4°, 8°, 16°, 26°, 32°, 45°, 58°, 64°,
74°, 82°, 86°, 88°, 89°, 90°, as is shown in Fig. 5), two
cropping conditions (showing a full GC cycle or a partial
GC cycle of the cylinder’s luminance gradient), and two po-
sitions of the GC side (left or right). Each participant saw
every image four times in a fully within-subjects design.

Stimuli The cylindrical luminance gradients were created in
POVRAY, as described in Experiment 1. The flat, random-
noise textures were created in the following way by using a
Python 2.7 script. A semicircular region of radius 150 pixels
was selected from the respective gradient (in the appropriate
orientation). This semicircle was then duplicated and mirrored

to form the other side of the display. The intensity values of
each pixel of this duplicated/mirrored semicircle were ran-
domly shuffled such that the semicircular shape was preserved
(i.e., the duplicated semicircle contained the same intensity
values as the original semicircle, but in different and random
positions using the Python script). The original and duplicated
semicircles were then combined to form a whole circle, sepa-
rated by a 50 % gray line of width 1 pixel. This circle was put
on a 50 % gray background using Adobe Photoshop, as de-
scribed above. A representative set of displays in which the
GC side is on the left is shown in Fig. 5.

Procedure All aspects of the procedure were as described in
Experiment 1.

Results and discussion

The average data are plotted in Fig. 6 for the percentages of
trials on which the GC side was chosen as the closer/figural
side as a function of ELC angle, averaged over the four repli-
cations, left/right reversals, and cropping conditions. We
found no reliable main effects of left/right position [F(1, 14)
= 0.02, p = .88, ηp

2 = .00], cropping condition [F(1, 14) =
0.29, p = .11, ηp

2 = .17], or their interaction [F(1, 14) = 0.47, p
= .51, ηp

2 = .03].
In most other respects, however, the present data are radi-

cally different from those obtained in Experiment 1. First, a

Fig. 4 Results of Experiment 1:
Percentages of trials on which the
variable GC side (on the left in the
examples shown below the graph
for ELC angles of 0°, 26°, and
90°) was chosen as figural/closer
as a function of the ELC angle.
Error bars correspond to standard
errors of the means. Figural/closer
responses decrease exponentially
(dark circles on curve, y =
43.574e–0.042x; R2 = .9532) as
ELC angle increases from 0 to
26°. Beyond 26°, figural/closer
responses decrease about linearly
with ELC angle (light squares on
line, y = –0.0639x + 16.761; R2 =
.724), and the maximum value is
never greater than 15 %. The data
show the strong ground bias for
large ELC angles when a GC
region shares an edge with an EE
region
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moderate figural bias is apparent for the variable GC side at
small ELC angles (0° to roughly 4°), of about 65 % figural
responses (for one-tailed comparisons with the 50 % chance
level, p values ranged from .03 to .06).

This increase in figural responses for the GC side at small
ELC angles compared with those in Experiment 1 (see Fig. 4)
is presumably due to the fact that the constant flat side in
Experiment 2 had essentially no figural bias, whereas the EE
side of Experiment 1 has a strong figural bias, thereby
allowing the variable GC side in the present experiment to
win the figure–ground competition against the flat side more
often than it did against the EE side in Experiment 1. This
figural bias for the GC side is consistent with the modest
figural bias of 65 % reported by Palmer and Ghose (2008)
when it was opposite a flat textured surface. Second, a small,
but reliable, effect of ELC angle emerged in the present ex-
periment [F(16, 224) = 2.02, p = .013, ηp

2 = .13], reflecting the
modest gradual decrease in figural responses as the ELC angle
increased. This effect was presumably due to the strengthen-
ing of virtual T-junctions as the ELC angle increased, because
that is the primary cue that varied in both Experiments 1 and
2.8 Because the pixels on the constant flat side were simply a
rearrangement of those on the variable GC side on an image-
by-image basis, there were no differences in global luminance
contrast with the background between the two sides as a

function of ELC angle. Third, we found no reliable figural
effect for large ELC angles from about 74° to 90° [all ts(14)
< 0.73, all ps > .47]. The fact that figural responses were
effectively 50 % in this range of large ELC angles raises the
question of why there was no evidence of a ground bias here,
if GCs indeed produce a bias toward being seen as farther
grounds. The most obvious possibility is that the GC side
may contain some additional cue to closer, figural status
whose bias was offset by the increasing ELC angle and the
corresponding detection of virtual T-junctions. Our present
hypothesis is that the additional cue is 3-D surface convexity
along the shared edge.

General discussion and conclusions

We began by asking a seemingly straightforward question: Do
GCs produce a bias toward the perception of a farther ground
that is essentially opposite to the bias that EEs produce toward
perception of figure? Various considerations led us to the hy-
pothesis that both GCs and EEs involve the simultaneous
influences of two factors: ELC angle and 3-D surface convex-
ity. ELC angle is the angle between the ELCs of a luminance
gradient and the shared edge of their regional contour. The
closer the ELC angle is to 0° on the gradient side of the edge,
the stronger is the bias toward seeing the gradient side as
figure, and the farther the ELC angle is from 0°, the greater
is the bias toward seeing the gradient side as ground. The term
B3-D convexity^ refers to the perception of a surface that
bulges toward (convex) or away from (concave) the observer.
Themore the surface bulges toward the viewer along the edge,
the stronger is the bias toward seeing that side as figure. Both
factors are relevant to the perception of GCs and EEs. As is

Fig. 5 A representative set of
displays in Experiment 2, in
which the variable GC side is
shown on the left. (a) Images in
which the cropping window
shows a partial cycle of the GC’s
luminance gradient with a
constant radius of curvature. (b)
Images in which the cropping
window shows a full cycle of the
GC’s luminance gradient, with a
radius of curvature that increases
as the ELC angle increases. The
left/right position of the variable
GC side was counterbalanced in
the actual experiment

8 We note that the relevant factor may turn out to be better described in
some other terms, such as some ratio of the power in different orientation
channels or the level of activation in certain classes of end-stopped cells in
visual cortex. Here we have described it in terms of virtual T-junctions
because of their connection with the ecological condition of partial oc-
clusion that often causes GCs and because of the analogy with the role of
standard, explicit T-junctions in depth perception. As we discuss them,
virtual T-junctions are identified with ELC angles perceptibly greater than
zero.
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shown in Fig. 2, both factors bias EEs toward being seen as
figure, producing the very powerful cue to figural perception
of that region, whereas the two factors bias GCs in opposite
ways, leading to either a bias toward figure, a bias toward
ground, or no bias, depending on the relative strengths of the
ELCAngle and 3-D Curvature factors relative to the opposing
region. It is perhaps for this reason that Huggins, Zucker, and
colleagues (Huggins, Chen, Belhumeur, & Zucker, 2001;
Huggins & Zucker, 2001a, 2001b) suggested that GCs are
only cues to ground when they are opposite an EE: They are
only seen as ground consistently when there is a (convex) EE
on the opposite side.

The results of the present experiments support this account
of EEs and GCs, albeit with a few caveats. In Experiment 1,
we studied the effects of ELC angle on figure–ground percep-
tion when the constant side contained an EE and the variable
side contained a gradient whose ELC angle varied from 0° to
90°. In this case, both sides had the same 3-D curvature, so the
only effective variable was the ELC angle, which caused the
percentage of figural responses to the variable (GC) side to

decrease from 50 % at 0° to about 10 % at 90°, with the
greatest decreases occurring between 0° and 26°.

In Experiment 2, we studied the effects of ELC angle on
figure–ground perception when the constant side contained a
flat-textured surface and the variable side contained a gradient
whose ELC angle varied from 0° to 90° (i.e., under conditions
identical to those of Exp. 1, except replacing the EE on the
constant side with a flat surface). Here, the results differed
dramatically from those in Experiment 1, producing a weak
figural bias of about 65 % at 0° and decreasing slowly with
ELC angle to about 50 % at 90°. In this case, the variable GC
side should be biased toward figure at 0° due to its 3-D con-
vexity along the shared edge and near-0° ELC angle, whereas
the flat surface on the constant side was undefined in ELC
angle and had zero 3-D convexity. As the ELC angle of the
GC side increased from 0° to 90°, its ground bias should
increase due to the detection of virtual T-junctions, leading
to the cancellation of the 3-D convexity figural bias by 90°.

The present research implies that the interpretation of relative
depth across an edge in figure–ground processing for curved

Fig. 6 Results of Experiment 2:
Percentages of trials on which the
variable GC side (on the left in the
examples shown below the graph,
for ELC angles of 0°, 26°, and
90°) was chosen as closer and
figural (vs. a contrast-controlled
flat surface) as a function of the
ELC angle. Error bars correspond
to standard errors of the means

Fig. 7 Examples of an effect due to the spatial relation between GCs and the shared edge. Merely changing the phase relation between the luminance
gradient and the sawtooth edge in panels a and b reverses the figure–ground interpretation of the two regions
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surfaces is a complex problem. We have reported evidence that
even for simple luminance gradients generated by a cylinder
along a shared straight edge, at least two underlying factors are
relevant for interpreting the depth and figural status of the adja-
cent regions: 3-D surface convexity and ELC angle size. Other
factors are potentially relevant as well, however, including the
shape of the shared edge and its relation to the luminance gra-
dients. Figure 7 shows one example, in which the right side of
both images is a homogeneous flat region and the left side is a
sinusoidal luminance gradient with GCs along its right edge.
The only obvious difference is the phase of the luminance grat-
ing relative to the sawtooth edge. In Fig. 7a, the darkest ELCs of
the luminance gradients coincide with the concave angles of the
edge (with respect to the gradient side), and in Fig. 7b the
darkest ELCs coincide with the convex angles of the edge.
Nevertheless, the difference in figure–ground perception is dra-
matic. Figure 7a looks like a series of cylindrical tubes in front of
a flat uniformly gray background that extends behind them,
whereas Fig. 7b looks like a series of similar cylindrical tubes
extending behind a jagged gray occluding surface. This example
clearly indicates that further research is required to understand
the complex role of GCs in the perception of figure and ground
when curved surfaces are involved.
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