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Bi-stable depth ordering of superimposed
moving gratings
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Ambiguous stimuli with two distinct interpretations give rise to perceptual alternations between them. During prolonged
viewing of transparently moving gratings, observers report periods of perceiving one grating in front of the other, alternating
with periods of the reverse depth ordering. We measured the percepts’ dominance times to study the effect of depth cues
(wavelength, duty cycle, and speed) on the perceived depth ordering. The grating with shorter wavelength, lower duty cycle,
or higher speed was perceived as being behind the other for a fraction of time larger than one half. The fraction of time spent
perceiving each grating as behind changed gradually as a function of the parameters. The fraction of dominance depended
on the ratio between the gratings’ wavelengths, not on their absolute sizes. The wavelength ratio had a stronger effect on
perceived depth than that of duty cycle or speed and could override stereoscopic disparity cues. Similar results were
obtained with superimposed moving surfaces of random dots. The findings are interpreted in terms of their relation to
statistical properties of natural surfaces and provide evidence that the fraction of dominance of each percept represents the

likelihood that it corresponds to the true interpretation of the underlying scene.
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Introduction

When viewing a stimulus with two or more distinct
interpretations, observers experience perceptual switches
between the two alternatives. Well-known examples are
binocular rivalry (Blake, 2001; Logothetis, 1998), ambig-
uous figures (e.g., Necker, 1832), and figure/ground
illusions such as the face-vase (Rubin, 1958). For both
binocular rivalry and ambiguous motion displays, the
dynamics of the perceptual alternations were found to be
stationary (Rubin & Hupé, 2004). In particular, the
fraction of time that one percept dominates over the other
is stable over time and does not depend on methodological
details such as measurement duration. Furthermore, in
several domains of bi-stability, it has been shown that the
fraction of dominance time changes gradually with para-
metric manipulations of the stimulus (e.g., contrast of the
monocular images; Blake, Sobel, & Gilroy, 2003; Leopold
& Logothetis, 1996; Levelt, 1967; see also Bonneh,
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Cooperman, & Sagi, 2001; Hupé & Rubin, 2003). This
fraction therefore offers a valuable measure of how the
relative strengths of the competing percepts vary with
stimulus parameters.

In this study, we measured dominance times during
spontaneous perceptual reversals in the perceived depth
ordering of transparently moving gratings. A well-known
ambiguity in the interpretation of two superimposed drifting
gratings concerns their relative motion: as Figure 1A
shows, they may be perceived as sliding over each other
in different directions (“transparent motion,” right panel)
or as moving together as a single pattern (“gingham,”
Wallach, 1976; Wuerger, Shapley, & Rubin, 1996;
“plaid,” Adelson & Movshon, 1982; left panel). A lesser-
known ambiguity of the same display concerns the relative
depth of the two gratings: Are they in the same depth
plane, or is one of them behind the other? And if the latter,
which grating is in front and which one is in the back?
When stimulus parameters are chosen such that trans-
parent motion is dominant for long periods, observers
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Figure 1. Depth ordering and spontaneous reversals of two
superimposed drifting gratings. (A) When two drifting rectangu-
lar-wave gratings are superimposed so that their directions of
motion differ by a large angle (here, 160°), the transparent motion
interpretation (bottom right) is predominant while the alternative,
pattern motion interpretation (bottom left) is never observed.
(B) Transparent motion is ambiguous as to the depth ordering
of the two gratings. During prolonged viewing of these displays
(in our experiments, 1 min), observers notice this ambiguity since it
gives rise to spontaneous perceptual reversals of the depth
ordering of the gratings.

quickly become aware of this additional ambiguity due to
spontaneous alternations of the depth ordering of the two
gratings (Figure 1B). We therefore created such displays,
presented them for trials of ~1 min each, and asked
observers to continually indicate which grating was seen as
behind the other. Since it was previously shown that setting
the angle between the gratings’ individual directions of
motion sufficiently large (above ~140° cf. Figure 1)
causes transparent motion to dominate for long periods of
time (Hupé & Rubin, 2003), in all the experiments
reported here the angle between the two gratings was set
to 160°. This yielded displays where the only perceptual
alternations were those concerned with the relative depth
ordering of the gratings.

When the two gratings have identical form parameters
and equal speeds, and their individual directions of motion
are symmetric about the vertical (as in Figure 1),
observers spend equal amounts of time (on average)
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perceiving each of the two possible depth orderings.
However, when the symmetry of the display is broken,
one of the two gratings is seen to move behind the other
more often. Pilot experiments indicated that the fraction of
time that one grating was seen behind the other, f, varied
with grating parameters that could be interpreted as depth
cues. We therefore proceeded to measure the effect of
pictorial depth cues, motion parameters, and relative
disparity on f. Specifically, we varied the gratings’
wavelength (Experiment 1), duty cycle (Experiment 2),
speed (Experiment 3) and pitted their relative wavelength
against stereoscopic disparity (Experiment 4). All of these
parameters produced strong and lawful effects on the
fraction of time that each grating was perceived as moving
behind the other. Furthermore, the dependence of f on
each of the parameters was gradual, its observed values
covered wide ranges (sometimes the full possible range,
from zero to one), and it varied in a direction that could
be readily interpreted in terms of the image changes
expected as surfaces are further away in the background.
Equivalent effects on the depth ordering of two over-
lying moving random dots surfaces were obtained when
depth cues like the global scale, the dots duty cycle and
their relative speeds were manipulated (Experiment 5).
The results therefore support the hypothesis that the
fraction of time that each percept is dominant provides a
measure of the probability assigned by the visual system
to it as being a valid interpretation of the underlying
scene.

Observers

A total of 16 observers (15 naive, one author)
participated in the experiments; six in Experiment 1 (#1—
6; three females), four in Experiment 2 (#1, #5, #7-8; two
females), four in Experiment 3 (#1, #4, #8-9, #13-15;
four females), four in Experiment 4 (#2, #5, #10—11; three
females), and three in Experiment 5 (#12—-14; one female).
All observers had normal or corrected-to-normal vision.
They were paid $10 per session for their participation and
provided informed consent according to the guidelines of
the NYU Committee on Activities Involving Human
Subjects.

Stimulus
Experiments 1-3

The stimulus consisted of two superimposed square-
wave gratings moving at an angle of 160° between their
directions of motion, as shown schematically in Figure 1A.
The luminance of the bars was 30 cd/m2 (the intersections
had the same luminance as that of the bars), and that of
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the background was 76 cd/m?. The bars were anti-aliased
(i.e., intermediate luminance values were used for the
pixels at their edges). One of the two gratings had the
following fixed parameters: wavelength A = 2.7°; duty
cycle d. = 0.2; speed v = 5.4°/s. The other grating had two
of these three parameters fixed at the same values, and the
third parameter was varied, separately in each experiment,
as follows: wavelength 4 = 0.9°, 1.35°, 1.8°, 2.25°, 2.7°,
3.24°, 4.05°, 5.4°, 8.1° (Experiment la); duty cycle d. =
0.0125, 0.025, 0.05, 0.1, 0.2, 0.3, 0.5 (Experiment 2);
speed v = 0, 0.36, 1.8, 3.6, 5.4, 7.2, 9, 10.8, 14.4°/s
(Experiment 3). Note that varying the wavelength with
fixed duty cycle corresponds to a true size scaling of the
grating. In Experiment 1b, the wavelengths of both
gratings varied simultaneously, as detailed in Results. In
Experiment 3b, one grating moved with speed v = 5.4°/s
and the other with speed v = 0.18°/s; the luminance of the
faster grating took one of two values, the original 30 cd/m?
or the lower value 23 cd/mz. For the second value of
luminance, the luminance of the intersection regions
between the two gratings was made to be consistent with
the physics of semitransparent neutral filters (see e.g.,
Stoner, Albright, & Ramachandran, 1990; Vallortigara &
Bressan, 1991), taking the value 9 cd/m®. The observers
reported that the lower luminance grating had clearly a
higher apparent contrast in relation to the background than
that of the higher luminance grating (note that the
background had bright appearance).

Experiment 4

Red-green glasses and corresponding anaglyph images
were used to create stereo stimuli. The stereoscopic
disparity was created by shifting horizontally the cyan
and red components of one of the gratings by 0.37°. This
caused the grating to appear behind the fixation point,
which had zero disparity. Its wavelength was fixed at
A = 4.1°. The second grating, whose wavelength was
varied from trial to trial, had zero diszparity. The luminance
of the background was 0.06 cd/m~ (black appearance).
Other parameters were as in Experiment 1-3.

Experiment 5

Two surfaces made of random square dots moved at an
angle of 160° between their directions of motion. The
luminance of the dots was 40 cd/mz. The dots were
randomly placed at the surfaces, which moved with
constant speed v = 5.4°/s. The dot density and dot size
of one of the surfaces were fixed at density = 0.7 dot/deg”
and size = 0.36°. The duty cycle (approximate proportion
of the surface covered by the square dots) for this surface
was hence fixed at d, = density x size” = 0.1. The global
scale and duty cycle of the other surface were varied
according to a full factorial design (Experiment 5a). Its
scale took values 1/1.25, 1, and 1.25, where one means
same scale as the reference surface. (Note that scaling up
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the surface implies increasing the dot size and simulta-
neously decreasing the dot density in a proportion equal to
the square of the dot size increase.) For each scale, the
duty cycle took the values 1/1.25%, 1, and 1.25 times the
reference duty cycle. This is achieved by multiplying both
the dot horizontal and vertical dimensions by the factors
1/1.25, 1, and 1.25, respectively. Note that here the scale
is equivalent to the parameter wavelength, at fixed duty
cycle, in the gratings stimulus. In a second experiment
(Experiment 5b), the speed of one of the surfaces was
varied, with values v = 0.54, 1.08, 5.4, 8.1, and 10.8°/s,
while the speed of the other surface remained fixed at
v =5.4°/s. (Scale and duty cycle were identical for the two
surfaces and equal to those of the reference surface in the
previous experiment.)

In all experiments, the stimulus appears within a
circular aperture of diameter 12.5°. Luminance outside
the aperture was 18 cd/m?. A circular fixation point
(radius 0.18°, luminance 58 cd/mz) was overlaid on a small
homogeneous circular region (radius 0.9°, luminance
0.2 cd/m?) that covered the center of the display.

Apparatus

The stimuli were generated by an Intel-based PC
running a C program and using the OpenGL graphics
library and displayed on a 19-in. CRT screen at 75 Hz
with a resolution of 1280 x 1024 pixels. Observers sat at a
distance 56 cm from the screen.

Experimental procedure

Observers sat in front of a computer screen with their
heads supported by a chin rest. They were asked to
continually report the direction of motion (right or left) of
the grating which they perceived as being behind the
other, by holding down one of two designated keys.
(Identical results were obtained in pilot tests from two
observers when the instruction was to report the motion of
the grating in front, rather than of that behind.) Observers
were given passive viewing instructions (not to try to
perceive one possibility more than the other, just to report
the spontaneous changes) and were instructed to not press
either key if the percept was unclear (this option was used
less than 5% of the time, on average). Observers fixated
the central spot during the whole 1 min duration of each
trial, and viewed the stimuli binocularly, for comfort. (In
pilot tests, we did not find any qualitative or quantitative
differences using monocular viewing, suggesting that the
stereo information about the flat screen did not play a
significant role in suppressing the perceptual depth
ordering effects.) Each combination of the gratings’
parameters was repeated four times, randomizing the
global directions of motion of the two gratings (up—right,
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up-left, down-right, and down-left; always +80° from
the vertical each; the global direction of motion did not
produce any significant effect). Observers ran a total of
36 trials of 1 min each in a single session; they were
instructed to take a 10- to 30-s rest between the trials.

Analysis

The fraction of time that one percept dominated was
defined as f = (the cumulative time this percept was
reported as dominant) / (the total time that either of the
percepts was reported as dominant). Here percept refers to
a particular depth ordering of the two gratings; i.e., one
percept corresponds to grating 1 perceived as being
behind grating 2, and the other possible percept corre-
sponds to grating 2 perceived as being behind grating 1.
The fraction f is a number between zero and one, with a
value of 0.5 indicating that the two possible percepts, i.e.,
depth orderings, were equally likely.

Error bars are the standard deviations of the mean of f
values across the four repetitions of each set of parameter
and across all observers.

ANOVA was used to test significance of the grating’s
parameters (wavelength, duty cycle, speed, and orienta-
tion) on f. Individual analysis was performed using the
grating’s parameter and orientation as fixed effects. Group
analysis was performed using parameter and orientation as
fixed effects as well, and subjects as random effect.
Orientation did not have any significant effect.

Grating’s wavelength had a strong effect on f subject
by subject (Experiment 1; subject #1, F(8,24) = 199,
p<10"%#2, F(824) = 32, p<10~* #3, F(8,24) = 39,
p <1074 #4, F(8,24) = 36.5, p < 10 * #5, F(8,24) = 165,
p < 1074), as well as when they were grouped (F(8,32) =
61, p < 10~%). The duty cycle had a strong effect on f
individually (Experiment 2; subject #1, F(6,18) = 30.6,
p<10"% #5 F(6,18)=23.6,p < 10~ % #7, F(6,18) = 88.3,
p <107% #8, F(6,18) = 19.8, p < 10~ %), as well as when
subjects were considered as a population (F(6,18) = 9.7,
p < 107%). Similarly, speed effects were significant for all
subjects individually (Experiment 3; subject #1, F'(8,24) =
21, p < 107% #5, F(824) =7, p = 10 % #8, F(8,24) =
245, p<10"* #9, F(8,24) = 12.3, p < 10~ *) or when they
were grouped (F(8,24) = 39.6, p < 10™%). The luminance
had a significant effect on the depth ordering probabilities
for the three subjects tested (Experiment 3b; subject #13,
F(1,11) = 19.3, p = 0.001; #14, F(1,11) = 8.1, p = 0.016;
#15, F(1,11) = 129, p = 0.004; two repetitions per
condition). The fastest grating is perceived as being
behind for f larger than 0.5 when the contrasts of the
two gratings were different for two subjects (one-tailed
t test, df = 7, subject #13 p = 0.013; #14 p = 0.007). For
the third subject, f was not significantly different from
0.5 (two-tailed t test, df = 7, subject #15, p = 0.92).
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The effect of scale and duty cycle on f for random dot
surfaces (Experiment 5a) was tested using ANOVA. For
all subjects, both scale and duty cycle had a strong effect
(subject #12, F(2,12) = 50.5, p < 10~ * and F(2,12) = 48.7,
p < 107%, respectively; #13, F(2,12) = 40.6, p < 10~ * and
F(2,12) = 156, p = 6 x 107% #14, F(2,12) = 30.2,
p<10"*and F(2,12) = 12.5, p = 12 x 10~ *). The effect
of dot density was assessed by using ANOVA with
predictors “scale” and “scale x duty cycle.” Since the
second variable completely determines the dot size, the
independent first variable “scale” (for fixed “scale x duty
cycle”) specifies dot density. Dot size had a strong
effect on ffor all subjects (subject #12, F(2,25) = 12.4,
p < 107% #13, F2,25) = 124, p < 10™% #14, F(2,25) =
79, p = 10", while dot density did not have any effect
on f, except for a borderline significant dependence on a
subject (#12, F(5,25) = 0.21, p =0.81; #13, F(5,25) = 12.4,
p=0.04; #14, F(5,25) =2.4, p = 0.11). ANOVA shows that
speed had a significant effect in Experiment 5b for
all subjects (subject #12, F(4,12) = 16.2, p = 104 #13,
F(4,12) = 8.6, p = 0.002; #14, F(4,12) =29.3, p < 10~ ).

Experiment 1: The grating with the shorter
wavelength tends to appear behind

Figure 2A shows the effect of modifying the wavelength
of a grating (labeled “grating 1) on the fraction of time f
that it is perceived to move behind another grating
(labeled ““2”) that had a fixed wavelength of 2.7° (Experi-
ment la). When the wavelengths of two gratings are
equal, 1, = A,, f is statistically indistinguishable from 0.5.
This balance no longer holds when the wavelength of
grating 1 is modified. When A, < A,, f is larger than 0.5,
increasing gradually and monotonically as A, decreases
toward 0. Conversely, in the range of values where 1, > 45,
fis smaller than 0.5, decreasing toward zero gradually and
monotonically as A; increases. The effect of the wave-
length on f was highly significant for all observers
individually, as well as when grouped (£(8,32) = 61,
p < 1074 see Methods). The effect of wavelength was so
strong that doubling it for one grating reduced the
fraction of time it was seen behind the other by as much
as a factor of 5 (e.g., from f=0.5tof ~ 0.1, for A, =2.7°
and A, = 5.4°, respectively; Figure 2A). These results
suggest that the visual system treats higher spatial
frequency (shorter wavelength) of a surface as evidence
that it is more distant, which in turn is consistent with the
ecological properties of the visual world (distant objects
produce smaller projected images on the retina; Euclid’s
law; (Goldstein, 2007).
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Figure 2. The grating with the shorter wavelength appears behind.
(A) The fraction of time f that grating 1 was perceived to be
moving behind grating 2 gradually decreases a function of the
wavelength of grating 1, 14 (here, the wavelength of grating 2 was
fixed at 1, = 2.7°, as indicated by the black arrow). f approaches
its maximal and minimal values of 1 and 0 when 1; < A5, and
Ao < A4, respectively. (Here and in all subsequent figures, the
dots correspond to the individual observers’ average f values.) In
the schematic, top row (higher contrast images) corresponds to
the most likely percept (i.e., depth configuration) as a function of
wavelength of grating 1, while the bottom row (lower contrast
images) corresponds to the less likely percept. Contrast here
does not correspond to the physical appearance of the stimulus
when it becomes dominant; it was used only for illustrative
purpose. The symbol “>” vertically oriented indicates probability
rank. (B) The fraction of time that grating 1 was perceived behind
depended on its relative, not absolute wavelength. fis plotted as a
function of 14 for 5 different sets of fixed wavelength ratios: r =
Ao:Aq values of 1.5:1, 1.25:1, 1:1, 1:1.25, and 1:1.5 (each set
grouped by a dashed line drawn at the mean ffor that r value).
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Next, we asked whether it is the relative or the absolute
wavelength that affects a grating’s perceived depth order-
ing. We therefore ran a second experiment, 1b, where we
varied the wavelengths of both gratings simultaneously so
as to obtain fixed wavelength ratios between them, r =
Ar:A;. We used five different ratios: 1.5:1, 1.25:1, 1:1,
1:1.25, and 1:1.5. Three different pairs of (1, A,) values
were used for each ratio. ANOVA of the resulting f
measurements (four observers, 2 repetitions of each trial
per observer) revealed a strong main effect of the wave-
length ratio r (F(2,6) = 47, p = 2 X 10™% observers
treated as random effect; data for ratios 1.5:1 and 1.25:1
obtained from data for the reversed ratios) but no
significant effect of the value of the individual wavelength
A alone (F(2,6) = 0.33, p = 0.73) and no interaction of r
with it. These results can be clearly seen also in Figure 2B,
which shows f as a function of A; grouped by the
horizontal dashed lines according to the value of r (its
values decrease between the groups from top to bottom).
We therefore conclude that the critical parameter in
determining the fraction of time a grating is perceived in
a particular depth plane is not the absolute value of its
wavelength, but rather the ratio between it and the
wavelength of the other grating.

Experiment 2: The grating with the smaller
duty cycle tends to appear in behind

Before we can interpret the results of Experiments la
and 1b as reflecting the effect of the gratings’ wavelength
ratio as a depth cue, there is an alternative interpretation
that needs to be addressed. In (static) displays where two
shapes of the same luminance are superimposed so that
they cross each other, the surface with the shorter contours
in the region of overlap has a greater probability of
appearing in front of the other surface. This phenomenon,
known as Petter’s rule (see e.g., Masin, 2000), is thought
to arise from the more robust completion of the shorter
contour gaps. Since the bars of the shorter wavelength
grating have shorter gaps in the regions where they
intersect with those of the other grating, the results of
Experiment 1 may arise from Petter’s rule. One way to
test this alternative hypothesis is to measure the effect of
duty cycle. By changing this parameter without changing
the gratings’ wavelength we can dissociate between the
effect of the bars” width and that of wavelength per se.

Figure 3 shows that duty cycle indeed had a marked
effect on the perceived depth ordering of the gratings:
the grating with the smaller duty cycle tends to be
perceived as behind more often (F(6,18) = 9.7, p < 1074
see Methods). Increasing the duty cycle of grating 1
from 0.01 leads to a gradual decrease in f, the fraction of
time this grating was perceived behind. Note that f crosses
the value of 0.5 at the point when d.; = d., = 0.2. Duty
cycle was not increased beyond 0.5; for d. > 0.5 a figure-

ground reversal occurs, with the lighter regions becoming
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Figure 3. The grating with the smaller duty cycle appears behind
the other grating more often. The fraction of time f that grating 1
was perceived to be moving behind the grating 2 is plotted against
its duty cycle. (Grating 2 duty cycle was fixed at 0.2, as indicated
by the black arrow.)

the foreground (since they become the thinner bars;
Koffka, 1935), producing an effective duty cycle equal
tol — d..

Although the effect of duty cycle is also consistent with
Petter’s rule, the results also show that the effect of
wavelength observed in Experiment 1 cannot be attributed
to it. This is because the effect of the wavelengths’
difference on f was much stronger than the effect of duty
cycle’s differences, even when the two parametric
manipulations affected the width of the grating’s bars by
the same amount. For example, doubling the wavelength
of grating 1 (in Experiment 1) decreased f to from 0.5 to
0.1 whereas doubling its duty cycle (in Experiment 2)
yielded a smaller reduction of f, 0.25 (see also Figure 5).
Thus, Petter’s rule cannot account for the results of
Experiment 1, supporting our hypothesis that (all or part)
of the effect of wavelength observed there was mediated
by its role as a depth cue.

Experiment 3: The faster grating tends to
appear behind

We next turn to examine the effect of the gratings’
speed on perceived depth ordering. Figure 4A shows f as a
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function of the speed of grating 1, with the other
parameters (wavelength and duty cycle) being the same
for the two gratings. This parameter, too, had a marked
effect on f: the faster grating tended to appear behind
(F(8,24)=39.6,p < 10~ % see Methods). To see why this
result is consistent with speed being a depth cue, refer to
Figure 4B. As we move in the environment, we typically
fixate (even if for brief durations) on a nearby object
(illustrated by the cross). Now consider two other static
objects or surfaces, further in the background nearly
behind the fixated object (these two more distant objects
are illustrated by the circle and the star). It is clear from
the illustration that for the same ego-movement, the
further surface would traverse a longer retinal distance,
and therefore would have higher retinal speed. The
prevalence of these stimulation conditions during normal
vision could have led to a learned association between
faster speed and further surfaces, which revealed itself in
the results of this experiment.

An alternative interpretation of the results of Experi-
ment 3 is that higher speeds lead to blurring of the
grating’s bars and/or a reduction of their perceived
contrast, and that it is those effects that indirectly cause
the faster grating to appear behind more often. Figure 4C
shows f for two luminance values of the faster grating 1
while the slower grating 2 had fixed luminance (Experi-
ment 3b). One luminance value (30 cd/mz) was equal to
that of the slower grating. The second value (23 cd/m?)
was such that the faster grating had clearly a higher
contrast in relation to the bright background (with
luminance 76 cd/m?) than that of the slower grating.
Even when the apparent contrast of the faster grating was
higher than that of the slower grating, the faster grating
was still perceived as being behind for most of the time
for two of the three subjects tested (see Methods). Hence,
this additional test casts serious doubts on the alter-
native hypothesis that the speed effects on the depth
ordering was purely due to speed-related changes in
perceived contrast of the gratings. Figure 4C also shows
that increasing the contrast of the faster grating (i.e.,
decreasing its luminance) reduces the fraction of time
that it was perceived as moving behind the lower
contrast grating. This effect was significant for all
subjects (see Methods). Therefore, luminance differences
also act as a depth cue in our stimulus, favoring the
lower contrast grating to be perceived as moving behind
the higher contrast grating. It is interesting to note that
luminance differences have also been shown to affect
coherence and transparent motion perception in plaids
(Adelson & Movshon, 1982; Vallortigara & Bressan,
1991). We did not test the effect of blurring the
gratings; however, note that even if apparent contrast
reduction and/or blurring played some part in mediating
the results of Experiment 3, those effects also arise in
natural viewing conditions when objects move fast, and
therefore may not be separable from the direct effects
of speed itself.
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Figure 4. The grating with the higher speed appears behind the other grating more often. (A) The fraction of time f that grating 1 was
perceived to be moving behind grating 2 increases as a function of its speed (the speed of grating 2 was fixed at 5.4°/s, as indicated by
the black arrow). (B) A schematic diagram to explain the systematic relation caused by ego motion between the retinal speed of objects
and their distances from the observer (see text). (C) The fraction of time f that the faster grating 1 was perceived to be moving behind the
slower grating 2 as a function of the luminance of the grating 1. The luminance of grating 2 was fixed at 30 cd/m?; the speeds of the

gratings were fixed at 5.4°/s and 0.18°/s.

Comparison of the effects of wavelength, duty
cycle and speed on f

The strength of effects of the three parameters tested
in Experiments 1-3 are compared in Figure 5. The
fraction of time that grating 1 was seen behind grating 2
is plotted against the ratio of the parameter varied in each
of the experiments—A,/A; (green line), d.»/d.; (blue line),
and v,/v, (red line) for the wavelength, duty cycle, and
speed ratios, respectively. (The results of Experiment 3
were plotted against the inverse ratio to obtain a
monotonically increasing function.) This allows a com-
parison of the strength of effect of the three parameters in
dimensionless units. The effect of wavelength ratio on f is
clearly stronger than that of the other two parameters:
varying A,/A; from 1:3 to 3:1 causes f to change from its

lowest and highest observed mean values, ~0.02 and
~0.9, respectively.

Although the curves have non-constant slopes, locally
the slope of f against A,/4; is higher at virtually every
point than that of f against d.,/d.; or vi/v,. Indeed, a
grating with a wavelength equal to half that of the other
grating is seen behind as little as 10% of the time,
while a grating with a duty cycle half that of the other
is still seen behind close to 30% of the time, and
similarly for speed. Furthermore, varying wavelength
ratio was the only manipulation that could produce
almost exclusive dominance of one specific depth
ordering: neither duty cycle nor speed manipulation
produced such extreme values of f (i.e., close to O or 1),
even for ratios that were much larger than those used for
wavelength.
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Figure 5. The wavelength ratio of two superimposed gratings has a
stronger effect on their perceived depth ordering than their relative
duty cycle or speed. The fraction of time that grating 1 is seen behind
grating 2 (data from Experiments 1-3, Figures 2—4) is plotted as a
function of the relative wavelength, duty cycles, and speeds, i.e.,
r = 2AolA4 (green line), d.o/d.4 (blue line), and v4/v, (red line).

Experiment 4: Wavelength differences can
override binocular disparity as a depth cue

Finally, we sought to determine whether a pictorial depth
cue could be strong enough so as to counteract, or at least
reduce the effect of stereoscopic depth cues (Figure 6). We
therefore presented observers with displays in which one
of the two gratings has non-zero stereoscopic disparity,
while the other had zero disparity (same as the fixation
plane; see Methods). In addition, the wavelength of one of
the gratings was varied, similarly to Experiment la. (We
choose wavelength since it was found to have the
strongest effect on f, see above.) Figure 4 shows the
results; f'is plotted against A, for two configurations: when
grating 2 had positive disparity (the bottom, blue curve)
and when it—as well as grating 1—had zero disparity
(top, green curve; note that A, was fixed at the value of
4.1° in this experiment, as indicated by the arrow, which
is why the value of f = 0.5 is obtained at this much larger
value of A, than that observed in Experiment la). The
results indicate that the depth cue of wavelength ratio can
indeed have a marked, even decisive effect on the
perceived depth ordering of the two gratings, even in the
presence of stereoscopic disparity that favors the opposite
depth relationship. Starting from the symmetric (pictorial)
situation of wavelength ratios of 1 (right-most data points
on the two curves, A; = 4.1°), we find that, while in the
absence of stereoscopic disparity f = 0.5 as expected, the
addition of positive disparity to grating 2 causes f to drop
to 0, i.e., grating 1 is never observed as being in the back.
But by decreasing the wavelength ratio to ~1:4 (1 ~ 1°),
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one can restore f to a value near 0.5, i.e., cause grating 1 to
be observed as being in the back roughly half of the time
in spite of the continual presence of disparity information
to the contrary. As the wavelength ratio is further decrease
to below 1:8 (A, < 0.5°), f approaches the maximum value
of 1, i.e., grating 1 is seen in the back most of the time,
disparity information to the contrary notwithstanding.
Thus, although the addition of stereoscopic disparity
clearly has an effect on the perception of depth ordering
of the gratings, this cue can nevertheless be counteracted
by pictorial depth cues, specifically wavelength ratio.

Experiment 5: Depth ordering probabilities in
surfaces of random dots

We have shown that relative wavelength, duty cycle,
and speed bias the probabilities of depth ordering in
superimposed drifting gratings. We proceeded to study the
generality of our results by using other common planar
surfaces, in this case superimposed moving surfaces made
of random dots. In Experiment 5a, one of the surfaces had
fixed global scale and duty cycle; the global scale and the
duty cycle of the second surface were varied from trial to

W

1 —————————— R Disparity grating 2 = 0
Lo T
08l . \\ {\‘~\
-O \ . \\
£ N o l
\ \\
5 \
2 06} p h
- . T\ ™
c N ‘
S N ’
§ : A\
S 04f P w
\C \\ Disparity grating 2 > 0
0.2} S
.
: I
1 2 3 !

Wavelength, A, (°)

Figure 6. Wavelength differences can override binocular disparity
as a depth cue. The fraction of time that grating 1 is perceived as
being behind grating 2 is plotted as a function of the wavelength of
grating 1 for two disparity conditions. In one condition, both
gratings had zero disparity (top, green curve) whereas in the other
condition grating 2 had positive disparity (bottom, blue curve). The
positive disparity made grating 2 appear clearly behind grating 1
and the fixation point when the two gratings had the same
wavelength (A4 = A, = 4.1°, indicated by the arrow), but reducing
A4 (while keeping A, fixed) could counteract the disparity and
cause grating 1 to be seen behind more often (the reader might
check this by using red/green glasses with the red filter positioned
in front of the left eye).
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Li, 2004; Stoner et al., 1990; Trueswell & Hayhoe, 1993;
Vallortigara & Bressan, 1991; Wallach, 1935); see also
(Holcombe, 2001; Kawabe & Miura, 2006). In contrast,
when the gratings are perceived as a pattern moving in a
single direction, they are seen as being at the same depth
plane. This qualitative observation is in itself compelling
evidence for a perceptual coupling between motion and
depth. In this study, we sought to study quantitatively the
effects of pictorial depth cues and motion parameters on
the perception of depth ordering. We therefore used
stimuli that were previously shown to elicit only trans-
parent motion (i.e., no pattern motion) during long
presentations by setting the angle between the directions
of motion of the two gratings to the large value of 160°.
During long presentations of such displays, numerous and
conspicuous perceptual alternations of the perceived depth
ordering of the two gratings are observed. We asked
observers to continually indicate which of the two
gratings was seen as moving behind the other and
calculated the effects of a grating’s spatial wavelength,
duty cycle, speed, and stereoscopic disparity on the
fraction of time, f, that it was perceived to move behind
the other grating.

All of the parameters tested produced strong and lawful
effects on our dependent variable, f. The grating with
shorter wavelength, lower duty cycle, or higher speed was
perceived as being behind the other for a fraction of time
larger than one half (the same dependences were obtained
when superimposed random dot surfaces were used
instead of gratings). These results suggest that similar
gratings (surfaces, more generally) are interpreted by the
visual system as having identical form and speed in the
outside world—or, at the very least, that their physical
form and speed are not as different as they are on the
retinal image. This, in turn, would lead to attributing the
(retinal) differences in form parameters and speed
between the two gratings to differences in how far each
surface is from the observer. Indeed, the further of two
identical gratings would cast a retinal image with shorter
wavelength than the closer one (Experiment 1); the further
of two bars of identical width would cast a narrower
image than the closer one (Experiment 2, duty cycle) and
the further of two background surfaces would travel a
larger retinal distance as an observer moves about the
environment looking at a proximal object (Experiment 3;
cf. Figure 4). These depth cues occur in natural viewing
conditions and are especially useful for distant objects,
where disparity and accommodation cannot provide
reliable depth information. It is important to note,
however, that they do not convey information about the
relative distance of the gratings, but only about proba-
bilities of depth ordering. However, one could measure
the strength of these depth cues in relation with disparity
by measuring the amount of stereoscopic disparity needed
to counteract differences in gratings’ parameters as a
function of the magnitude of those differences. Experi-
ment 4 provides preliminary evidence that this is possible.
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The dependence of f on the form and motion parameters
was gradual, and its observed values covered wide ranges
between its minimal and maximal possible values of zero
and one. There results are consistent with those from other
domains of perceptual bi-stability, where it has been
shown that the fraction of dominance time changes
gradually with parametric manipulations of the stimulus.
In binocular rivalry, increasing the contrast of one of the
monocular images leads to a gradual increase of the
fraction of time that image dominates over the other
(Blake et al., 2003; Leopold & Logothetis, 1996; Levelt,
1967). In the “motion-induced blindness” phenomenon,
the fraction of time that the target remains invisible
depends gradually as a function of the target size and
contrast and increases gradually as the number of dynamic
random dots in the display increases (Bonneh et al., 2001).
And in displays consisting of two superimposed drifting
gratings, the fraction of time spent perceiving them as
sliding transparently over each other increases gradually
and near-linearly as the angle between the gratings’
individual directions of motion increases (Hupé & Rubin,
2003).

The above results suggest that the fraction of time that a
percept is dominant provides a measure of the probability
assigned by the visual system to it as being a valid
interpretation of the underlying scene. Consider the
displays used in the present study: since no single cue
provides complete information about the depth ordering of
the two gratings, it is only reasonable that the effect of
changing a particular cue’s parametric value on the
estimation of the depth map should be probabilistic.
Indeed, there is much recent evidence that the brain is
continually engaged in computing probability estimations
of the possible underlying three dimensional scenes that
could give rise to the retinal image, and that in doing so it
uses prior knowledge about the statistics of the environ-
ment (Knill & Richards, 1996; Rao, Olshausen, &
Lewicki, 2002); see also (e.g., van Ee, Adams, &
Mamassian, 2003). In turn, the gradual variation of f
(dominance duration) suggests that when two distinct
image interpretations are judged to have finite probability
values (i.e., when the stimulus is highly ambiguous), the
brain ‘“hedges its bets” between the two, rather than
choosing the likelier alternative and sticking with it during
the whole presentation of the stimulus (i.e., as if the brain
were sampling the estimated posterior probability distri-
bution of the interpretations instead of choosing the
interpretation of highest probability). Perceptual alterna-
tions occur even when the probabilities of the two possible
interpretations appear to be grossly imbalanced: even
when f departs from 0.5 significantly, it approaches the
values of 0 or 1 gradually, rather than “clipping” to them
abruptly (Figures 2—4). This behavior is intriguingly
reminiscent of the well-known “matching law” (Herrnstein,
1970), which states that animals divide their consummatory
time between two sources of food in a proportion that
matches the relative reinforcement obtained from each one.
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