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Determining the relief of upcoming terrain is critical to
locomotion over rough or uneven ground. Given the
significant contribution of stereopsis to perceived
surface shape, it should play a crucial role in
determining the shape of ground surfaces. The aim of
this series of experiments was to evaluate the relative
contribution of monocular and binocular depth cues to
judgments of ground relief. To accomplish this goal, we
simulated a depth discrimination task using naturalistic
imagery. Stimuli consisted of a stereoscopically rendered
grassy terrain with a central mound or a dip with varying
height. We measured thresholds for discrimination of
the direction of the depth offset. To determine the
relationship between relief discrimination and measures
of stereopsis, we used two stereoacuity tasks performed
under the same viewing conditions. To assess the impact
of ambiguous two-dimensional shading cues on depth
judgments in our terrain task, we manipulated the
intensity of the shading (low and high). Our results show
that observers reliably discriminated ground reliefs as
small as 20 cm at a viewing distance of 9.1 m. As the
shading was intensified, a large proportion of observers
(30%) exhibited a strong convexity bias, even when
stereopsis indicated a concave depression. This finding
suggests that there are significant individual differences
in the reliance on assumptions of surface curvature that
must be considered in experimental conditions.

In impoverished viewing environments with limiting
depth cues, these convexity biases could persist in
judgments of ground relief, especially when shading
cues are highly salient.

Introduction

Everyday activities such as walking or interacting
with objects entail the integration of a complex array
of perceptual and motor information. This is especially
true for tasks such as locomotion over irregular
terrain that requires that observers assess the relief of
upcoming paths and adjust their approach accordingly
(Barton, Matthis, & Fajen, 2017; Zhao & Allison,
2021). Over rough terrains, observers increase their
step planning margins by gazing multiple steps ahead
to assess which footholds are traversable (Matthis,
Yates, & Hayhoe, 2018). This type of locomotion task
necessitates assessment of ground relief well ahead
of the observer’s steps and quick decision-making
regarding safe traversal paths at distances well
beyond interaction space (see also Allison, Gillam, &
Palmisano, 2009).

Under natural viewing conditions, the perception of
ground relief (or other surface shape) is based on the
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integration of monocular (e.g., texture and shading) and
binocular cues. Although both types of cues provide
information regarding the shape of objects, binocular
depth cues such as stereopsis provide significant
advantages given the visual system’s sensitivity to
disparities that indicate local changes in curvature
(Howard, 2012). Stereoscopic shape perception takes
advantage of second-order spatial derivatives that
provide information regarding the relative depth and
slant of surfaces (Norman et al., 1991; Lappin & Craft,
2000). Most assessments of the role of stereopsis
on perceived surface shape are performed at short
viewing distances within interaction space where these
binocular cues are most precise (Blakemore, 1970;
Gogel, 1977; Foley, 1985; Rogers & Bradshaw, 1993).
However, stereopsis can support reliable depth and
shape estimation at viewing distances well beyond 2 m
(Allison, Gillam, & Vecellio, 2009; Palmisano et al.,
2010). Given the significant contribution of stereopsis
to judgments of perceived surface shape, it should play
a crucial role in determining the shape of the ground
surface for decision-making before locomotion on foot
or in vehicles.

The aim of the current study was to evaluate the
relative contribution of monocular and binocular depth
cues to judgments of ground relief. To accomplish this
goal, we simulated an ecologically relevant “real-world”
depth discrimination task modelled after helicopter
safe landing decisions using naturalistic imagery. Under
typical landing conditions, to achieve a safe landing
pilots and flight engineers must ensure that the slope of
the ground between the skids of the helicopter is less
than approximately 10° (Transport Canada, 2006). We
hypothesized that stereopsis was likely to be important
for the assessment of ground relief at large distances
beyond interaction space, particularly for natural
textures such as grass. We assessed the contribution
of pictorial depth cues by testing observers both
monocularly and binocularly. Further, to determine the
relationship between the discrimination of naturalistic
relief with traditional laboratory measures of stereopsis,
we modified two stereoacuity tasks to assess both local
and global stereopsis under the same viewing conditions
at a screen distance of 6.1 m. Using the safe landing
criteria as a guideline, under these viewing conditions
if observers cannot detect a change in ground relief
of at least 60 arcsecs (0.38 m), they would not be able
to detect ground features that would jeopardize a safe
landing.

Methods

Observers

A total of 45 York University students participated
in the study. All observers had normal or corrected-to-

normal vision. Before testing, informed consent and
demographic forms were completed. The demographic
form asked observers to indicate their age, sex,
handedness, vision correction status, eye dominance,
and experience with three-dimensional displays. Randot
Stereotest and FLY Stereo Acuity test booklets were
used as an initial assessment to determine if observers
had stereoscopic vision. In addition, a cover test
was conducted to assess binocular alignment of the
eyes. When a deviation (strabismus or heterophoria)
was detected a note was made on the demographic
questionnaire. Two observers exhibited strabismus
and were excluded from the study. The remaining 43
observers completed the experiment. The research
protocol was approved by York University’s Research
Ethics Board.

Stimuli

Terrain task
The terrain discrimination task used stereoscopic

images depicting a high-resolution grass texture with
a mound or depression at the center. The viewing
geometry simulated a viewpoint of the observer looking
straight down to the ground plane. The position of
the texture was jittered between each render so the
relative position of the texture elements could not be
used as a reference. All stereoscopic images (1920 ×
1080) were rendered in Autodesk MAYA 2016. The
28° field of view of the virtual camera matched the
visual angle of the display at the viewing distance of
6.1 m. The stereoscopic virtual camera configuration
for rendering was set to a nominal interaxial distance of
6 cm. The zero parallax plane matched the distance of
the projection screen so that features portrayed at the
screen distance were presented without screen disparity
(at the same pixel location in both the left and right
eyes).

The shape of the feature in the ground terrain
followed a radially symmetric Gaussian depth profile
that was always rendered at the center of the display.
The two-dimensional Gaussian is defined in Equation
1, where A is the amplitude (maximum depth), x0 and
y0 is the center position, and σ is the standard deviation
of 0.4 m. The function was imported into MAYA as a
mesh and scaled to create raised or depressed surfaces
with a diameter of 2.4 m (which corresponds with ±3
sigma or 99.7% of the height variation) and a range of
peak feature heights in the ground terrain (minimum of
0.08 m to a maximum of 1.30 m for both positive and
negative ground reliefs). Given the rendering interocular
distance of 6 cm and ground plane distance of 9.1 m,
the relative disparity between the ground plane and
the feature peak ranged from 12 to 227 seconds of arc.
The ground plane was presented at a fixed uncrossed
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Figure 1. An illustration of the low shading (top) and high shading (bottom) conditions. The sample images above illustrate a 0.08,
0.53, and 1.00 m mound with light from the left. These feature heights represent the low, middle, and highest ground reliefs for an
observer with a moderate step size of 0.23 m.

disparity relative to the screen of 0.19° so that it
appeared to lie 3.0 m behind the screen plane.

f (x, y) = Ae− (x−x0 )2+(y−y0 )2
2σ2 (1)

Each ground relief height was rendered four times to
create the low and high shading conditions with each of
two directions of lighting. To manipulate the shading
intensity, the mean luminance of the frontoparallel
ground plane in each condition was held constant,
and the ratio between the intensity of directional and
ambient light was varied. In the low shading condition,
the ratio of directional to ambient light was 1:1, whereas
in the high shading condition it was 9:1. The surfaces
were not rendered with specular reflections, only diffuse
surface reflections. The lighting direction was from the
right or left side at an elevation angle of 45° relative to
the flat ground plane. The lighting direction was varied
in each stimulus condition such that one-half of the
trials had lighting from the left and one-half from the
right. Sample images for each shading condition are
illustrated in Figure 1.

Stereoacuity tests
The two computer-based tasks used to assess

each observer’s stereoacuity were the 1) ledge and 2)
bar tests. The ledge stimulus comprised a bipartite
computer-generated random dot pattern with an abrupt

disparity transition between the upper and lower areas.
On each trial, 5,600 white dots each with a diameter
of 0.07° filled the black display area (2.4 × 1.4 m) at a
viewing distance of 6.1 m (Figure 2). The bar stimulus
consisted of a white frame (0.9° × 1.19°) surrounding a
white bar (0.42° × 0.72°) presented at the center of the
screen, at a distance of 6.1 m. The width of the outer
frame was 0.06° and the frame was separated from
the bar by 0.48°. The bar in the center was displaced
stereoscopically either in front of or behind the frame
(Figure 3). All stereoacuity tests were presented on
the same apparatus as the terrain task, but these
stimuli only contained disparity cues to depth (see the
Apparatus section).

Apparatus

Testing was conducted in an open studio space with
the only lighting provided by the projector. Stimuli
were back-projected on to a Stewart Film screen (3.0 ×
1.7 m) using a Panasonic LCD projector PT-AE7000U
(1920 × 1080). The projected image was 2.4 × 1.4
m. Observers wore active three-dimensional eyewear
(TY-EW3D2MU) to view the three-dimensional
imagery and made their responses using a Logitech
F310 gamepad. Observers were seated at a viewing
distance of 6.1 m from the screen on an elevated
platform with their head at the same height as the
center of the projection screen (Figure 4). All testing
took place in a darkened room.
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Figure 2. Stereopair illustrating the random dot stimuli used for the ledge task. When cross fused, the upper portion of the array will
appear to be further away than the bottom portion.

Figure 3. Illustration of the stimulus used for the bar test. When cross fused, the central white bar will appear to be further away than
the outer frame.

Procedure

For the terrain task, a forced-choice method of
constant stimuli was used to measure discrimination
thresholds. A total of 10 test peak depths of the
mound or dip that bracketed zero (flat) were presented
20 times apiece in random order for each shading
condition. The step size was either 0.15, 0.23, or
0.30 m and was selected for each observer based on
the initial stereoacuity testing. All viewing conditions
(shading, light direction, binocular and monocular)
were interleaved and the order was randomized across
observers. For monocular trials, instead of presenting
the left and right eyes images to each eye (like in the
binocular condition), the left eye image was presented
to both eyes creating a flat zero disparity image at the
screen distance. On each trial, observers were asked
to indicate whether they saw a mound or dip in the

center of the ground plane using the gamepad. Each
stimulus was displayed until the observer gave their
response, and between trials a white fixation marker was
displayed on a black background at the screen plane.
Each ground relief height was presented 20 times, for
a total of 400 binocular trials (10 feature heights × 2
shading conditions × 2 lighting directions × 10 trials).
In addition, 10 monocular trials were included for the
largest relief height (0.69, 0.99, or 1.30 m based on
the step size) and the smallest relief height (0.08 m)
conditions, for a total of 480 trials. Each test session
was split into 3 blocks with 160 trials per block to avoid
fatigue.

For the stereoacuity assessments, a forced-choice
method of constant stimuli procedure was used to
assess performance on 11 test disparities presented
20 times apiece. The range of test disparities was
adjusted for each observer based on their performance
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Figure 4. A side view illustration of the experimental layout and
stimulus for the terrain task. The vertical blue line represents
the projection screen, and the green line represents the ground
plane of the three-dimensional imagery. The space between
the projection screen (blue line) and the observer is real, while
the space from the projection screen to the virtual ground
plane (green line) is virtual. Observers were positioned 6.1 m
from the projection screen and the ground plane of the
stimulus was presented with uncrossed disparity relative to the
screen plane producing the impression of the ground plane at a
distance of 9.1 m. The size of the mound is not to scale.

on the book-based stereoacuity tests (i.e., Randot
Stereotest and FLY Stereo Acuity test booklets) and a
30-trial practice block. While random dot stereograms
rely on the global processing of disparity signals (Julesz,
1960), stereoacuity measured using isolated figures
taps into more local disparity mechanisms (Wilcox
& Allison, 2009). For each observer, the range of test
disparities used was the same for the ledge and bar
tests. On each trial, the stimulus remained visible until a
response was made. The task in both the ledge and bar
tests was to indicate the direction of the depth offset. In
the ledge test, observers indicated whether the top or
bottom half of the screen appeared closer; in the bar
test, observers indicated whether the rectangle appeared
in front of or behind the reference frame. Between
each trial, a fixation object was presented at the center
of the display on the screen plane. For the ledge test,
this was a single fixation dot with a diameter of 0.24°
and for the bar test it was the outer frame of the
stimulus. The results of all tasks were fit with a normal
cumulative distribution function that allowed for lapses
at both ends of the function. The upper asymptote
of the function is represented by 1 – λ, and the lower
asymptote was represented by γ . Both λ and γ were fit
independently. The functions were fit using MLE and
bootstrapped 95% confidence intervals were calculated
using Monte Carlo methods (Wichmann & Hill, 2001a,
2001b). From this we computed the just noticeable

Figure 5. An example of one observer’s psychometric function
for the binocular condition in the terrain task. The plot shows
the proportion of times the observer responded mound as a
function of the height of the ground relief for both the low
(circles) and high shading conditions (squares). The fitted values
for each psychometric function are shown on the right. α
represents the inflection point, JND is the difference threshold
between 0.50 and 0.75 proportion correct, 1-λ represents the
upper asymptote, and γ represents the lower asymptote.

difference (JND) as the difference threshold between
0.50 and 0.75 proportion correct and inflection point
(α) for each psychometric function for all observers (an
example function is shown in Figure 5). The goodness
of fit measure for each psychometric fit used the method
of simulating deviance as described in Wichmann and
Hill (2001a). The data were simulated from the fitted
model assuming a binomial observer and the function
was refit to these simulated data. From these 10,000
simulated fits, deviance was calculated and compared
to the deviance of the original dataset. If the deviance
of the original dataset exceeded the 95th percentile of
the deviances from the simulated fits, then the fit to the
original data was considered a failure.

Results

Figure 6 shows the average JND and α values in
meters for the two shading conditions. The negative
values of α represent dips and positive values represent
mounds. A negative α indicates a bias toward perceiving
mounds and a positive α indicates a bias toward
perceiving dips. The average JND was 0.19 m for
the low shading condition and 0.21 m for the high
shading condition. The majority of observers (70%)
detected changes in ground relief of at least 0.38
m (approximately 60 arcsecs). However, in the high
shading condition, 13 of the observers (approximately
30%) always saw convex features; as a result, their data
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Figure 6. Average α and JND (m) for low shading (n = 39), and high shading (n = 30) conditions shown as violin plots. The white circle
is the mean, the black bar is ±1 standard deviation, and the faint line is the range of the data. Each colored point represents an
individuals’ data point, and the shape of the violin represents the distribution of the data. The density estimation was fit using a
Gaussian kernel with a smoothing bandwidth using Silverman’s rule-of-thumb (or 0.9 times the minimum standard deviation and
interquartile range divided by 1.34 times the sample size to the negative one-fifth power). Thirteen participants (n = 13) were
removed from the high shading condition, and four of these same participants (n = 4) were removed from the low shading condition
owing to an inability to fit their psychometric functions.

failed our goodness of fit measure and could not be
fit with a psychometric function. These results are not
represented in Figure 6 and are discussed separately.
To determine if there was a significant difference in the
JNDs between the low and high shading conditions,
a repeated measures analysis of variance was used to
assess the data of observers that successfully achieved
a psychometric fit in both shading conditions (n =
30). These results showed that the mean JND for
these observers did not significantly differ between
the two shading conditions, F(1,29) = 0.21, p = 0.65,
η2 = 0.001. The same analysis was performed on
the α values, which also confirmed that there was no
significant difference in the mean α value between the
two shading conditions, F(1,29) = 1.77, p = 0.19, η2 =
0.005. Further, a t test revealed that the mean α value
for both shading conditions did not significantly deviate
from zero disparity, t(29) = −1.57, p = 0.13. However,
it is clear from Figure 6 that, despite the average α
values being consistent with zero disparity, the range
of the biases in both shading conditions is quite large.
The average range of the α values in both shading
conditions is approximately ±2.1 JND.

To classify the observers’ tendency to perceive convex
features even when stereopsis indicated a concave

depression, the strength of this effect was categorized
according to the value of the lower asymptote (γ ) of
each psychometric function. We refer to this tendency
to perceive convexity even when none is present as the
convexity bias (CB). To better understand the nature of
the CB we divided the observers into three groups: 1)
No CB, 2) Strong CB, and 3) Extreme CB. The Extreme
CB group represents the most extreme cases of the CB
in which observers responded “mound” regardless of
the direction of the ground relief defined by disparity
and failed to achieve a psychometric fit. The No CB and
Strong CB groups were delineated according to a value
of γ . If the γ value was greater or equal to 0.15, the
observer was considered to have a Strong CB and was
placed in the Strong CB group. This value was chosen
to be above a lapse rate of 2 misclicks per 20 trials for
each ground relief height. The average proportions at
each ground relief height for each observer group is
summarized in Figure 7.

As the height of the mound or dip increased
(positively or negatively), the shading gradient and thus
the salience of the shading cue increased (Figure 1).
For observers that exhibited a CB (Strong CB and
Extreme CB groups) the presence of salient shading
cues at the extremes of the scale caused them to
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Figure 7. The average proportion mound for each group of observers, (1) No CB, (2) Strong CB, and (3) Extreme CB for the low and
high shading conditions with the lighting direction from the left and right. The best fit line represents a loess fit. The shading
represents the standard error of the fit. The horizontal dotted line represents the criterion for the γ value. The observers that did not
achieve a fit for the psychometric functions exhibited a strong tendency to respond ‘mound’ especially in the high shading condition
as shown by the U-shaped function in the bottom middle. All observers that showed a Strong CB and did not achieve a psychometric
fit in the low shading condition (n = 4) also showed a Strong CB in the high shading condition.

respond mound more frequently (even when binocular
disparity signaled the opposite relief). Further, the
lighting direction was not informative about the depth
sign and, consistent with this, the magnitude of the
CB did not seem to depend on the lighting direction
(Figure 7). To verify that the CB for these observers was
not due to them having particularly poor stereoacuity,
the stereoacuity measures were compared between the
three observer groups. We measured stereoacuity with
two tasks and the leftmost plot in Figure 8 shows the
correlation between these measures. Observers tended
to perform worse in the block relative to the ledge
task, but the measures were correlated. Therefore,
we averaged the two stereoacuity measures for each
observer in a subsequent analysis. The stereoacuities
for each observer group are shown in the middle bar
plot in Figure 8. An analysis of variance confirmed
that there was no significant difference between the
stereoacuity of the three groups, F(2,40) = 1.20, p =
0.31, η2 = 0.06. Despite the different sample sizes in
each observer group, a Levene’s test confirmed that
there were equal variances between groups, F(2,40) =
1.33, p = 0.28. Further, to confirm that the magnitude
of the CB did not correlate directly with the observers’
stereoacuity, the mean stereoacuity of each observer
that obtained a psychometric fit (Strong CB and No
CB groups) was plotted against their γ value on the
terrain task for the low and high shading conditions
(Figure 8). The Pearson’s correlation coefficient was not

significant for either the low shading, r(37) = 0.11, p =
0.51, or high shading conditions, r(28) = −0.20, p =
0.30. Thus, the CB exhibited by these individuals was
not due to an inability to detect binocular disparity.
This finding was also confirmed by the data in the
low shading condition as these observers were able to
reliably indicate the depth signaled by disparity when
shading was less salient.

Further insight into the impact of lighting direction
and intensity of shading on the CB was provided
by considering performance in the monocular test
conditions. To do so, the mean proportion mound
responses for each shading condition (left/right) was
plotted as a function of the height of the ground
relief (Figure 9). Because the step size was determined
individually for each participant, test conditions were
sampled unequally. Given that lighting direction
(left/right) was randomized, we predicted that observers
should not be able to use light direction alone as a cue
to surface relief and should perform at chance (50%)
under monocular viewing. Although most observers
detected changes in ground relief of at least 0.38 m
(60 arcsecs) under stereoscopic viewing, below this
value the intensity of the shading was subtle and
difficult to detect (particularly in the low shading
condition). Under monocular viewing, without this
shading information the terrain discrimination task
became quite difficult. Under these conditions when the
shading was less salient (ground reliefs of ±0.08 m),
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Figure 8. The left scatter plot shows the correlation between the stereoacuity in the ledge task and block task for each observer. The
middle bar plot shows the mean stereoacuity of both stereoacuity tests for each observer group. The observer groups consisted of
(1) No CB, (2) Strong CB, and (3) Extreme CB (n = 15, n = 15, and n = 13, respectively). The observer groups are split based on the
high shading data where the CB was the strongest. The error bars represent one standard error of the mean. The right scatter plot
shows the individual stereoacuity for the Strong CB (circles) and No CB (triangles) observers as a function of the γ value of their
psychometric functions for the low (blue) and high shading condition (purple). The vertical dashed line represents the 0.15 criterion
value for γ . The vertical line easily visualizes the impact of other choices of the criterion as the vertical dashed line would move to the
left or right to encompass more or fewer points in each group.

Figure 9. Average proportion response mound for the low and high shading conditions for all observers (n = 43) for the monocular
test conditions. The number of observers for each ground relief is indicated in the insets and error bars indicate ±1 standard error of
the mean. The number of observers varies for the different ground relief heights, because the step size was observer dependent.
Error bars have not been plotted for the 0.15 and 0.76 m reliefs because only two observers were tested at these levels.

observers were more likely to report seeing a concavity
in both the low and high shading conditions. When
ground relief increased and shading cues became more
salient, the proportion of mound responses increased
for both shading conditions. However, the proportion
of mound responses seems to be larger for the high
shading relative to the low shading condition, which is
consistent with the predisposition to mound responses
under binocular viewing and high shading. Given

that these monocular trials were interleaved within a
much larger subset of stereoscopic trials that exhibited
a Strong CB in most conditions, it is possible that
observers responded “dip” when the signal was very
weak simply because they were more certain it was not
a mound.

Given the saliency of shading was reduced at ground
reliefs below our safe landing criteria of 0.38 m (60
arcsec), the ground relief conditions were divided into
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Figure 10. The average proportion response mound for the low and high shading condition for all observers (n = 43) for the
monocular test conditions. The ground relief heights are averaged for values of less than and greater than 0.38 m. The error bars
represent one standard error of the mean.

two groups; 1) less than 0.38 m and 2) greater than 0.38
m (Figure 10). This strategy created equal sized groups
for statistical analysis. To determine if the saliency of
shading impacted monocular judgments of ground
relief, a repeated-measures analysis of variance was
conducted on the monocular data in Figure 10. The
results revealed no significant three-way interaction
between the level of shading (low vs. high), magnitude
of ground relief (below vs. above 0.38m), and the
direction of the ground relief (mound vs. dip), F(1,42)
= 0.18, p = 0.67, η2 = 0.0002. This lack of a three-way
interaction suggested that the effect of shading level and
magnitude of ground relief were the same, regardless
of the direction of surface curvature. This conclusion
was supported by the two-way interactions. First, the
increase in the proportion of mound responses in the
high relative to the low shading condition was the
same for mounds and dips, F(1,42) = 0.15, p = 0.70,
η2 = 0.0001. Second, the saliency of the shading had a
larger impact on the proportion of mound responses at
ground reliefs of greater than 0.38 m than of less than
0.38 m, F(1,42) = 6.38, p = 0.02, η2 = 0.02. Thus, at
large ground reliefs (>0.38 m) when the shading was
more pronounced, observers responded mound more
often in the high shading condition relative to the low
shading condition. However, at small ground reliefs
(<0.38 m) where the shading was less apparent, the
responses in the low and high shading conditions were
equivalent (Figure 10). Third, the proportion of mound
responses was slightly higher for large mounds relative
to large dips, but the effect was quite small, F(1,42)
= 4.70, p = 0.04, η2 = 0.004. Given the proportion

of mound responses for large convex and concave
ground reliefs was approximately chance (50%) when
only monocular cues were available, this outcome
provides another indication that this task was difficult
to complete without stereopsis.

Discussion

The aim of the current study was to assess the role
of stereopsis in an ecologically valid “real-world” depth
discrimination task. We used a naturalistic stimulus
where stereopsis was critical to the assessment of
ground relief at large distances beyond interaction
space. Our results showed that at a portrayed viewing
distance of 9.1 m (screen distance of 6.1 m) observers
could reliability discriminate ground reliefs producing
disparities of 29 to 32 arcsecs (in the low and high
shading conditions, respectively), which correspond
with ground reliefs of 19 to 21 cm. An analysis of the
inflection point (α) of each observer’s psychometric
functions showed that overall there was no significant
bias toward responding mound or dip (Figure 6).
However, a closer inspection of interobserver differences
showed that, when the shading cue was strong, 30% of
observers consistently reported seeing convex surfaces,
even when stereopsis indicated a concave depression
(Figure 7). Observers that showed this CB in less salient
shading conditions also showed a Strong CB in the
high shading condition. Importantly, we confirmed
that this was not due to the observer’s ability to
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discriminate depth from binocular disparity at these
distances (Figure 8). Last, the discrimination results
under monocular viewing confirmed that this CB was
driven by the saliency of the shading information and
increased as the magnitude of ground relief increased
(for both convex and concave surfaces), even in the
absence of stereopsis (Figure 9).

The tendency toward seeing surfaces as convex is
consistent with previous reports of such CBs when
viewing face-like stimuli and shaded disks (Gregory,
1970; Perrett & Harries, 1988; Langer & Bulthoff,
2001; Champion & Adams, 2007; Hill & Johnston,
2007; Adams & Elder, 2014). Perceived shape from
shading is also constrained by the light-from-above
assumption, that is, we assume the light source comes
from above (Rittenhouse, 1796; Brewster, 1847; Kleffner
& Ramachandran, 1992; Adams, 2007). We deliberately
avoided a role for the light-from-above assumption by
positioning the light source to the left or right of the
feature. Although there is some evidence for a CB in
interpreting shading as based on light coming slightly
from the left (Sun & Perona, 1998; Mamassian &
Goutcher, 2001), this effect seems to disappear when
stimuli are presented for an unrestricted duration
(McManus, Buckman, & Woolley, 2004; Aubin &
Arguin, 2014). Our finding that the CB did not depend
on lighting direction supports these observations.
Although the bias toward convexity is closely related to
the assumption for lighting direction, it has been argued
that the CB is stronger than the lighting direction
assumption (Liu & Todd, 2004). Even so, it is surprising
that such a Strong CB persists in our stimuli given that
the shading cue does not disambiguate the direction of
the ground relief and normally relies on assumptions
of lighting direction to do so (Brewster, 1826; Sun &
Perona, 1998; Adams, Graf, & Ernst, 2004).

We used a grass texture to represent a typical
covering for the ground surface. At the distance tested
in this experiment the texture gradients and other
static monocular perspective cues provided by this
texture seemed to be of limited usefulness in making
the judgments. Thus, although these monocular
cues were consistent with depth from stereopsis, on
their own they could not be used to make correct
depth discrimination judgments. This is evident
in Figure 9, where monocular performance was at
chance.

When texture and stereopsis cues are present,
stereopsis is theoretically more reliable for large slants
at shorting viewing distances (Knill & Saunders, 2003;
Hillis, Watt, Landy, & Banks, 2004), although observers
vary in the relative weight given perspective and
disparity (Gillam & Ryan, 1992; Allison & Howard,
2000). When stereopsis is presented in conjunction with
inconsistent monocular cues (such as occlusion and
texture gradients), the monocular cues could override
stereopsis (Braunstein, Andersen, Rouse, & Tittle, 1986;

Stevens & Brookes, 1988). However, there are scenarios
where stereopsis can override monocular cues, such
as the prevention of shape inversion when lighting is
from below (Bulthoff & Mallot, 1990). In general, the
influence of conflicting cues on shape perception can
be complex and vary as a function of scene structure,
as has been often reported for pseudoscopic viewing
where the left and right images of a stereo pair are
swapped (Wheatstone, 1852; Stratton, 1898; Shimojo &
Nakajima, 1981; Kalaugher, 1987; Palmisano, Hill, &
Allison, 2016). Studies that examined the combination
of shading and stereopsis under restricted conditions
have concluded that these two cues are processed
independently and combined linearly to determine
perceived surface shape (Lovell, Bloj, & Harris, 2012;
Aubin & Arguin, 2014). However, these experiments
were all performed at near viewing distances (<1 m)
with reliable binocular disparity information. They also
tended to rely on cue conflict scenarios, whereas in
the current study monocular and binocular cues were
always consistent when present.

It is likely that the use of a relatively large viewing
distance of 9.1 m decreased the cue reliability in our
study. It has been demonstrated that the reliability
of stereopsis decreases as viewing distance increases
beyond interaction space (Banks, Hooge, & Backus,
2001; Knill & Saunders, 2003; Hillis, Watt, Landy,
& Banks, 2004), and the reliability of texture cues
also decreases as stimulus size decreases with distance
(Blake, Bulthoff, & Sheinberg, 1993; Knill, 1998).
However, it has been argued that stereoscopic thresholds
are determined solely by angular disparity, invariant
of viewing distance when monocular information
is limited (Ogle, 1958; Bradshaw & Glennerster,
2006). Similarly, in studies using naturalistic imagery,
stereoscopic discrimination remains relatively precise at
large viewing distances (McCann, Hayhoe, & Geisler,
2018). Further, we show that monocular depth cues
were unable to support accurate shape judgments
when presented in isolation (Figure 9). Under these
conditions of high uncertainty, the presence of
highly salient shading information seemed to activate
assumptions of surface curvature for 65% of our
observers. This CB was strong enough to override depth
from binocular disparity. However, at shorter viewing
distances (1.2 m) there are cases where stereopsis
overrides less ambiguous shape from shading cues when
the two cues indicate conflicting shape information
(Bulthoff & Mallot, 1990). Importantly, it was not that
the discrimination task could not be completed with
stereopsis at this viewing distance as it was apparent
that when the shading cue was less salient (i.e., the
low shading condition) most observers had no issues
completing the task (Figure 7).

Here, when stereoscopic, texture, and shading cues
were all consistent with the true depth of the surface, a
bias toward surface convexity was able to assert itself,
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despite little evidence for it in the scene. The presence
of highly salient shading cues resulted in a bias toward
perceiving convex features under both monocular
(Figure 10) and binocular conditions (Figure 7).
The shading cue itself did not provide information
regarding the sign or direction of the curvature, which
was consistent with the finding that monocular depth
cues alone were insufficient to support accurate shape
discrimination (Figure 9). Despite this, as the saliency
of shading increased, several observers experienced
a Strong CB, even when stereopsis indicated that the
ground relief was concave (Figure 7). This effect may
be related to other phenomena in which depth from
disparity augments depth percepts from monocular
sources, even when the sign does not match. For
instance, it is well-documented that in pseudoscopic
viewing vivid percepts of depth, consistent with the
monocular depth cues, are experienced (Palmisano,
Hill, Allison, 2016). This occurs despite the fact that
binocular disparity is reversed throughout the scene. In
other instances, binocular disparity provides compelling
depth information, but monocular cues dominate the
sign of perceived depth. For example, perspective
cues can dominate the perception of surface slant
even when this information conflicts with binocular
disparity signals (Stevens, Lees, & Brookes, 1991;
Allison & Howard, 2000). In these examples, binocular
disparity seems to provide information regarding the
nonplanarity or range of depth in the scene, but the sign
of depth depends strongly on monocular information.
In our study, although the salient shading information
did not specify the sign of the curvature, both shading
and binocular disparity indicated that substantial
curvature was present. Under these conditions, some
observers seemed to apply a bias toward convexity to
interpret the shading despite evidence to the contrary
from binocular disparity.

Conclusions

Our results show that consistent stereopsis, texture,
and salient but ambiguous shading information allowed
observers to readily discriminate ground relief at
viewing distances beyond interaction space. Stereopsis,
in particular, was critical for the reliable discrimination
of ground relief at these viewing distances, given that
its absence greatly decreased performance. However,
under these conditions some observers were apt to rely
heavily on assumptions of surface convexity. The extent
and frequency of this effect was somewhat surprising
and has several implications. First, it highlights the
presence of significant individual differences in the
reliance on assumptions of surface curvature, a factor
that must be considered when assessing performance.
The individual nature of the CBs makes them difficult

to predict. Second, given that these CBs were quite
dramatic, they are likely also present during real life
terrain judgments. However, in rich full-cue natural
viewing environments, observers usually have no issue
locating reliable convex footholds on irregular terrain
where visual uncertainty is greater (Hayhoe et al., 2009;
Bonnen et al., 2021). One possibility is that, when
walking over terrain, observers have more cues to the
ground structure given an oblique viewing angle to the
ground plane (e.g., mounds would occlude more distant
ground terrain). Judgments of ground relief in viewing
scenarios where additional depth cues are available (e.g.,
motion parallax, occlusions, height in the field, or cast
shadows) could help to disambiguate ground relief. It
is possible that in impoverished viewing environments
with limited cues these CBs could persist in judgments
of ground relief. For instance, the assessment of ground
relief is a requirement during rotary wing landing
maneuvers, which require determining ground relief
from a top down view at moderately large viewing
distances, similar to the viewing geometry in our
study. The observed CB, combined with a tendency to
assume that light sources are overhead, could produce
similar depth reversals under conditions with strong
ambiguous shading (such as sunrise or dusk). Accurate
assessment of ground relief is an essential and common
requirement while traversing our natural environment
on foot or in vehicles.

Keywords: binocular disparity, shading, shape,
convexity
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