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Abstract

Current notions of binocular depth perception include (1) neural computations that solve the correspondence problem and
calculate retinal positional disparity, and (2) recovery of ecologically valid occlusion relationships. The former framework works
well for stimuli with unambiguous interocular correspondence, but less so for stimuli without well-defined disparity cues. The
latter framework has been proposed to account for the phenomenon of perceived depth in stimuli without interocular
correspondence, but its mechanism remains unclear. In order to obtain more insight into the mechanism, we studied the depth
percept elicited by a family of stereograms — ‘sieve’ stimuli, adapted from Howard (1995) [Perception, 24, 67-74] — with
interocular differences but no well-defined positional disparity cue. The perceived depth was measured by comparison to
references at various depths established by standard retinal disparity and was consistently found to lie behind the fixation plane.
Moreover, the magnitude of the depth percept depended on both the horizontal and vertical spatial characteristics of the stimulus
in ways that were at odds with constraints of occlusion geometry. In comparison to the depth percept elicited by stimuli with
well-defined disparity cues, the precision of the percept from the sieve stimuli was 10-20 times worse, suggesting that a different
underlying computation was involved. Thus, neither of the above frameworks accounts for the depth percept arising from these
stimuli. We discuss implications of our results for physiologically based computations underlying binocular depth perception.
© 2000 Elsevier Science Ltd. All rights reserved.
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depth perception, or stereopsis — from physiological
studies of neurons in the visual cortex that might detect
disparity (e.g. Barlow, Blakemore & Pettigrew, 1967;
Hubel & Wiesel, 1970; Poggio, 1990; Ohzawa, DeAnge-
lis & Freeman, 1990) to computational models that can

1. Introduction

The frontal eye placement in humans leads to a
relative horizontal displacement of images projected
onto the retinas for objects that are not at fixation. The

visual system can use this positional disparity to re-
cover depth (Wheatstone, 1838), even in the absence of
monocular depth information (Julesz, 1971). This
binocular positional disparity is considered to be an
important cue for the range of depths relevant to
manual dexterity (McKee, Levi & Bowne, 1990; Fielder
& Moseley, 1996) because it provides precise and metri-
cal measures of depth from the fixation plane. Many
studies have focused on the mechanisms of binocular
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solve random-dot stereograms (reviewed in Poggio &
Poggio, 1984; Blake & Wilson, 1991; Weinshall & Ma-
lik, 1995; Qian, 1997). One predominant theme in these
works is the idea that stereopsis is predicated on binoc-
ular disparity, which in turn depends on the correct
matching of features in the left and right eyes’ views.
Binocular disparity of corresponding points is thus
considered fundamental to stereopsis.

In light of the fundamental role of inter-ocular
matching in stereopsis, it is highly noteworthy that
stimuli that do not possess well-defined disparity signals
can also produce an impression of depth (Panum, 1858;
Nakayama & Shimojo, 1990a; Anderson, 1994; Liu,
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Stevenson & Schor, 1994). Common to these dichoptic
stimuli are luminance elements that are present in only
one eye’s view and hence have no corresponding inter-
ocular matches. It is important to note that the pres-
ence of unmatchable features can only be detected by a
process that compares the input from both eyes; hence
depth from unmatched images cannot be attributed to
monocular or pictorial cues. Moreover, since the dis-
parity signal, which is predicated on the existence of
matchable elements, is ill-defined in these stimuli, an-
other explanation has to be found to account for the
depth perceived.

The aforementioned investigators considered this
phenomenon in the context of properties of the visual
world. In a world in which opaque objects partially
occlude one another, the differential occlusion due to
parallax may generate left and right retinal images that
are not matchable. Unmatched images can thus provide
a clue to three-dimensional surface relationships. Since
identifying such surface relationships in the real world
is an important step in intermediate visual processing
(Gibson, 1950; Marr, 1982; Nakayama & Shimojo,
1990b, 1992), use of these cues may reflect a develop-
mentally learned or evolutionarily selected response
(Nakayama & Shimojo, 1990a; Shimojo & Nakayama,
1990). According to this argument, the perceived depth
from unmatched images is necessarily consistent with
real-world occlusion.

The above ‘ecological optics’ (EO) heuristics may
account for the result of, but does not address, the
process by which the depth response is obtained. Part
of the difficulty is reflected by the debates on the nature
of the depth response. For example, Nakayama and
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Fig. 1. A bird’s eye view of the eyes looking at two fronto-parallel
surfaces. The near surface has an aperture through which the far
surface can be seen. Different shades of gray represent different
brightness on the far surface. The image below each eye shows the
respective retinal image. Note that due to occlusion, the inner portion
of the retinal images carry opposite contrast polarities.

Shimojo (1990a) and Liu et al. (1994) separately re-
ported figural stereograms without binocular corre-
spondence which produced quantitative depth
perception consistent with occlusion. However, in the
case of Nakayama and Shimojo (1990a), models that
allow multiple-matching of features could also account
for the depth percept, based essentially on position
disparity signals (Gillam, Blackburn & Cook, 1995). In
the case of Liu et al. (1994), residual binocularly-corre-
sponding features (Gillam, 1995) or the output of ap-
propriate linear filters (Liu, Stevenson & Schor, 1997)
may provide conventional disparity depth cue. For
these stimuli, the depth percept driven by ‘unmatched
image points’ may well be explained on the basis of
classical stereopsis. In order to determine whether an
alternate mechanism is involved, there is a need to
examine the characteristics of depth perception from
unmatched images in which other binocular depth cues
have been eliminated (Gillam & Nakayama, 1999).

One of those characteristics is the precision of depth
judgment. For stereopsis based on matchable binocular
images, precision can be high. The stereoacuity
threshold for targets presented near the fixation plane is
a few seconds, comparable to the threshold for monoc-
ular hyperacuity (Ogle, 1953). Discrimination threshold
increases as the target moves away from the fixation
plane (McKee et al., 1990); but even when the target is
far from fixation, depth information consisting of more
than mere depth ordering is obtained with a measurable
precision. In contrast, real-world constraints of occlu-
sion offer only a minimum bound on the depth of the
occluded surface. In the absence of other depth cues, a
continuous range of depth configurations can produce
the same retinal images. That is, the theoretical limit for
the precision of depth localization is inherently worse
for unmatched cues than for matchable cues. Thus,
finding that unmatched cues are less precise would be
consistent with the idea that the visual system recovers
depth via a reconstruction of real-world surface rela-
tionships. However, we note that a finding that un-
matched cues provide an equally precise depth percept
would not rule out this explanation, since the visual
system may use a priori considerations or ‘rules of
thumb’ to make inferences that are not rigorously
implied by the visual stimulus.

Another way to test the EO framework is via its
predictions about the perceived depth of the stimulus.
EO posits that a real-world stimulus provides all the
information necessary to obtain a veridical percept.
Fig. 1 diagrams a top-down view of two fronto-parallel
surfaces; the near surface has an aperture and partially
occludes the far surface. Without loss of generality, let
us assume that the eyes are fixated on the near surface;
then the image points a and a’ and points b and 5’ fall
on corresponding locations on the two retinas. The
angle between ¢ and b (or a’ and b’) equals the horizon-
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Fig. 2. Examples of (A) the sieve stimulus and (B) the control stimulus. They differ in scale from those used in the experiments and are only
intended to approximate the perceptual effects. In some experiments, the upper and lower random-dot stereograms in the control stimulus were
replaced with sinusoidal grating stereograms to achieve sub-pixel disparity. Uncrossed-fusers should view the left pair; crossed-fusers view the right
pair. The depth probes in the upper and lower thirds of both stimuli have a 3-pixel uncrossed disparity. The disparity of the target in the center

of the control stimulus (B) is four pixels uncrossed.

tal width of the aperture. The far surface must be
sufficiently distant so that the two eyes’ views are
non-overlapping. If it were any closer, then parts
thereof would be visible to both eyes. This minimum
distance constraint has a relative disparity equal, in
angle subtended, to the horizontal width of the aper-
ture. Based on this geometric argument, the depth
perceived from perfectly unmatched images should be
constrained by the horizontal extent of the aperture.
Moreover, the perceived depth should be independent
of the vertical extent of the aperture.

In these experiments, we measured the perceived
depth of a family of stereograms that lacked binocular
matches as well as confounding disparity cues. We also
measured the precision of the depth percept. We found
that: (1) the precision was an order of magnitude
poorer than for a comparable classical stereogram; (2)
the perceived depths often were not consistent with
occlusion geometry; and (3) the vertical extent of the
aperture affected the perceived depth, but to a lesser

degree than did the horizontal extent. The results sug-
gest that neither horizontal disparity alone nor occlu-
sion can account fully for the depth perceived from
unmatched images, and constrain models for neural
mechanisms underlying the depth computation.

2. Methods

2.1. Visual stimuli

The subjects’ task was to judge the relative depths in
the display in two types of stimuli: ‘sieve’ and ‘control’
(see Fig. 2A,B). The sieve stimulus, adapted from
Howard (1995), consisted of an array of ‘panes’ ran-
domly positioned in the middle third of the display,
with two random-check stereograms occupying the up-
per and lower thirds. Each pane consisted of a rectan-
gular or square block of pixels at maximum or
minimum display luminance, surrounded by a 2-pixel
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rim of minimum luminance. The luminance of the pane
interior was anti-correlated between the two eyes. In
the left and right eye images, each pane occupied the
same spatial location and hence had zero binocular
disparity. Thus, there was interocular pairing of the
panes, but the panes of any pair were not ‘matched’.
The percept was one of looking through holes punched
out in a plane at another surface beyond — hence the
name ‘sieve effect’. Flanking the array of panes above
and below were two random-check stereograms (in
which a rectangular surface was rendered in depth by
horizontal disparity) whose depth was compared
against that of the panes. The two probes were identical
in dimensions and disparity. The panes and the probes
were embedded in a random check reference field of
10% density and zero binocular disparity. Nonius
markers were placed along the vertical meridian of the
stimulus. Both the reference field and the nonius mark-
ers were continuously visible during a trial. The entire
stimulus extended 8.3 x 8.3° and was centered in a
15 x 11° field of mean luminance.

The control stimulus differed from the sieve stimulus
in three respects: (1) The interior pane luminance was
correlated between the two eyes; (2) Each pane had a
common, non-zero binocular disparity; and (3) The
random-check depth probe in the upper and lower
thirds was replaced by a 1 c¢/deg vertical sinusoidal
grating. The grating was generated with sub-pixel reso-
lution to allow measurement of the sub-pixel thresholds
for depth discrimination. We adopted a grating probe
because, in pilot experiments with the texture probe
that was used in the sieve stimuli, subjects’ performance
was still close to perfect even at one-pixel disparity.

All stimuli were presented on a SONY 17SEII color
display (calibrated using the VSG OptiCal photometer),
and viewed at a distance of 114 cm (one screen pixel
subtended 1 min). Stereo display was achieved by pre-
senting the image to each eye in alternate video frames
using a pair of FE-1 ferroelectric light valves switching
at 120 Hz (60 Hz per eye). A VSG 2/3F graphics card
generated and displayed the stimuli at 15-bit grayscale
resolution. The photometer, the graphics card, and the
shutter goggles were manufactured by Cambridge Re-
search Systems, UK. Stimuli were presented in the red
channel only because this allowed maximal elimination
of cross-talk through the FE goggles; the leakage result-
ing from a 100% contrast stimulus was undetectable
(< 0.5%).! The mean screen luminance was 9.2 cd/m?,
and was reduced to 1.4 cd/m? when viewed through the
shutters.

! Cross-talk measured via a nulling method at 1 Hz was unde-
tectable. Based on psychophysical contrast sensitivity, the leakage
contrast was less than 0.5%. Direct measurement of the cross-talk
with a photometer was within the level of the instrument noise with
a 100% contrast display.

2.2. Subjects and procedure

Six normal subjects (one a deuteranope) were en-
rolled in the studies. All of them were experienced
psychophysics observers, but all were naive to the hy-
pothesis being tested except for the author. Subjects
either wore their prescribed optical correction or had
normal uncorrected acuity. All had stereoacuity of 40 s
or better on the Titmus Circles Test. All subjects experi-
enced binocular rivalry when viewing the sieve stimulus.
Some subjects required prompting before they per-
ceived depth when first presented with the sieve stimu-
lus, as was found by Howard (1995). All subjects
practiced the depth judgments for a few sessions prior
to collection of data. Two subjects did not achieve a
robust depth percept for the sieve stimulus. They were
discontinued in subsequent experiments and not in-
cluded in the data presented.

Each trial was initiated by the subject after nonius
markers were aligned. A random-check mask was
shown for 200 ms, followed by the stimulus for 5000
ms, then the mask again. In preliminary trials, some
subjects were unable to perform the task reproducibly
with briefer presentation time. Subjects were allowed to
free-view the stimulus, but nonius markers remained
visible throughout stimulus presentation and subjects
were instructed to use them to maintain alignment. The
subject decided whether the depth defined by the collec-
tive pane interior was in front of or behind the com-
parison probes and was allowed to enter a response at
any time after stimulus onset, which terminated the
trial.

In all experiments, the perceived depth and depth
increment threshold were measured by a 1-IFC method
of constant stimuli. For each subject and stimulus
combination, four to nine disparity values (usually six)
were chosen to bracket the point where the depth probe
changed from being in front of to behind the pane
interior, as determined in pilot runs for each subject.
Each disparity value, x, was tested 15 times per run.
Each run typically included 180 trials randomized in
which two or three conditions were interleaved. One or
more runs were completed in a session with rest breaks.
For each stimulus condition, four runs were collected
and averaged. Because some disparity values that were
tested differed from run to run, the number of judg-
ments at each disparity value was not the same. Error
bars in the figures indicate 95% confidence limits for the
maximum likelihood estimate of the judgment probabil-
ity y(x), based on a Binomial distribution of responses.

Since the sieve stimulus might not contain robust
cues to depth, we took measures to prevent subjects
from using the depth of the probes as the sole basis for
response. The concern was that, since the judging the
depth of the sieve stimulus was difficult, subjects might
have ignored the target and responded based only on
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the depth of the probes. We therefore introduced some
catch trials in which the depth ordering of the probe
and the target was the reverse of what would have been
the response of a subject paying attention only to the
probes. In a catch trial, the probes were rendered at the
largest of the disparity values tested within that run,
while the target, with the same contrast-polarity in both
eyes, was at a disparity slightly larger than that of the
probes. If a subject were simply making decisions based
on the relative depths of the probes, then he/she would
have responded incorrectly. All subjects performed
nearly perfectly in the catch trials.

The measured probabilities, y(x), of judging that the
target was in front of a depth probe at disparity x
(positive disparity is uncrossed), were fitted using a
non-linear least square algorithm (MATLAB 5.1 with
Statistics Toolbox 2.1.0, MathWorks) to a scaled cumu-
lative normal function of the form

e~ (X' — w2252 dx/,

x)= ¢ JX 1
y(x) N ()
where u and ¢ are the mean and standard deviation,
respectively, of the underlying normal distribution. c¢ is
the ceiling on the proportion of ‘in front’ judgments.
The curve fit was weighted by the number of repeats at
each value of disparity tested.

We define: (1) the perceived depth as the value at
which the function y(x) crosses 0.5; (2) the depth incre-
ment threshold as l/ﬂ times the reciprocal of the
maximum slope of the function, i.e. a/c. If ¢ =1, then
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perceived depth and increment threshold equal x and o,
respectively. To convert increment threshold to the
threshold change in depth that results in a change in
response rate from 50 to 75%, when ¢ =1, we multiply
it by 0.6745.

3. Results

3.1. Experiment I: precision of perceived depth in the
sieve effect

We measured the depth increment thresholds and
perceived depths of two stimuli: one composed of un-
matched images (sieve stimulus) and the other of
matchable images (control stimulus). Both stimuli had
sixty 11 x 11 min panes, and were presented in separate
runs. In the control-stimulus runs, the stimulus target
was individualized for each subject, and chosen to have
a disparity pedestal at least as large as the subject’s
perceived depth of the sieve stimulus. With increasing
disparity pedestal, the threshold for depth discrimina-
tion obeys Weber’s Law up to a point before it plateaus
(McKee et al., 1990). Therefore, the threshold measured
at the disparity pedestal chosen is an upper bound and
provides a fair comparison with the threshold for the
sieve stimulus. Note that one subject (FM) was tested
with a different disparity pedestal (25 arcmin) from the
rest (20 arcmin).
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Fig. 3. Psychometric functions for depth comparisons in four subjects. Each graph shows two conditions of the target, a stereogram made of
matchable images (A) with a particular non-zero interocular disparity (see text for details), or unmatched images (@) with zero disparity. Each
data point represents the mean of 15-90 observations. Here and in subsequent figures, error bars show the 95% confidence intervals of the
estimates of judgment probability based on a Binomial distribution of responses. The dotted lines show the best fit curve, weighted by the number
of observations at each point. Positive values of disparity represent uncrossed depths.
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Table 1
Parameter values of the best-fit curve (Eq. (1)) to the data in Fig. 3*

Subject Perceived depth (arcmin) Depth increment threshold (arcmin) Ceiling

JT Sieve 7.1+£0.9 54+13 0.97 +0.05
Control 19.9+0.1 0.440.1 0.99 +0.08

FM Sieve 175+ 1.1 6.0+ 1.8 0.82 +0.08
Control 25.0+0.1 0.34+0.1 1.01 +0.09

SK Sieve 11.04+0.8 62+1.2 0.97 +0.05
Control 20.8+0.1 0.7+0.1 1.02+0.19

MC Sieve 79413 6.1+2.1 0.76 £+ 0.05
Control 20.6 + 0.1 0.4 +0.1 0.96 +0.10

@ Ranges given are the 95% confidence intervals of the parameter estimates.

Psychometric functions for four subjects are shown in
Fig. 3. For most of the data, a ceiling ¢ near 1 turned
out to be the best fit for both sieve and control. In no
case could differences in the ceiling account for the
difference in slope or threshold of the psychometric
curves. The most striking aspect in the results for all
subjects is the difference in the steepness of the psycho-
metric function between the sieve and the control stim-
uli. The ratio of depth increment thresholds for the two
stimuli ranges between 10- and 20-fold (Table 1). In-
deed, at scales that provide useful renderings of the
psychometric functions for the sieve stimulus, the psy-
chometric functions for the control stimulus resembled
a step function (because the value of the parameter o
was very small). This difference in slope was corrobo-
rated by subjects’ informal reports that the control
stimulus trials were much easier, and the confidence in
their responses was much higher, compared to the sieve
stimulus. The imprecision found with the sieve stimulus
cannot be attributed to subjects’ inability to perceive
depth, for in that case, one would expect a flat psycho-
metric function. Moreover, re-testing of one subject
(FM) after a 3-month hiatus found a similar precision
and perceived depth, indicating that the subject was not
making responses based on short-term recall.

The thresholds for the control stimuli with a pedestal
of 20 min, expressed in terms defined by McKee et al.
(1990), ranged from 15 to 24 arcsec for our subjects. As
a comparison, McKee et al. (1990) found that the
threshold was ca. 60 arcsec at a standing disparity of ca.
20 min with a 1000 ms presentation time. They also
found that the threshold improved substantially when
presentation duration was lengthened from 150 to 1000
ms. Thus, the long presentation time of 5000 ms in our
experiment may account for our smaller threshold val-
ues. In addition, stimulus differences may contribute to
the difference. McKee et al. (1990) used line targets to
measure disparity threshold while we used stereograms
depicting surfaces.

Once a subject achieved a stable depth percept, he or
she invariably saw the sieve stimulus as behind the

fixation plane. This was a strong and consistent bias;
the fractions of ‘in front’ responses for all crossed-dis-
parity probes — 1i.e. for values of the disparity less than
zero — were essentially zero. The slight deviation of
one subject (MC) from this result was probably due to
incomplete performance stabilization. The perceived
depth of the sieve stimulus varied from subject to
subject, but in all cases was significantly further than
the fixation plane (Table 1).

The results of this experiment show that unmatched
images generate a systematic uncrossed depth percept,
but one that is less robust and less precise than the
depth percept produced by matchable images.

3.2. Experiment II: consistency of perceived depth in
the sieve effect with occlusion constraints

Experiment I showed that the depth perceived in the
sieve effect was behind the fixation plane. In random-
dot and figural stereograms, unpaired monocularly-
viewed points are always perceived as the far surface
(Julesz, 1971; Nakayama & Shimojo, 1990a), which is
ecologically valid since a near surface is always visible
to both eyes. In the same vein, Howard (1995) pointed
out that the retinal images generated by the sieve
stimulus are similar to those generated by viewing a
randomly checkered surface through apertures in an
occluding surface. That is, the ecological optics of
occlusion can generate retinal images equivalent to the
sieve stimulus (Fig. 1). Experiment II addresses whether
the perceived depths associated with these stimuli are in
fact consistent with occlusion in quantitative detail.

In this experiment, two sieve stimuli for comparison
were randomly interleaved within a test run. Both
stimuli had 40 panes of 16 by 11 min, but differed in the
orientation of the panes: vertical (portrait) or horizontal
(landscape). The psychometric functions for both sieve
stimuli are compared in Fig. 4. Three subjects (JT, FM,
and SK) perceived a significantly larger depth in the
landscape compared to the portrait orientation. The
fourth subject did not show a significant difference
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Fig. 4. Effect of shape of sieve pane on perceived depth. Each graph shows psychophysical curves derived from two sieve targets made up of 40
16 by 11 min panes, either in landscape (A) or portrait (@) orientation. Each data point represents the mean of 15-60 observations. The
perceived depths and 95% CI (arcmin) are, for the portrait and landscape orientations respectively: (JT) 7.4 4+ 0.6 and 9.2 +0.5; (FM) 22.4 4+ 0.5
and 23.4+0.3; (SK) 11.1 £ 0.4 and 13.0 £0.7; (MC) 1.0 £ 0.1 and 0.9 +0.1.

between the two stimuli; however, she now saw a much
smaller absolute depth for both sieve stimuli compared
to the results in Experiment I (completed approximately
4 months earlier). Unlike the other three subjects, her
use of this depth cue has apparently changed radically
with learning.

Fig. 5 summarizes the effect of the width of the panes
on the perceived depth in the sieve stimulus. Ecological
optics predicts that the perceived depths should be no
less than the width of the pane apertures, i.e. all points
should lie above the diagonal in Fig. 5. Clearly, data
from three of four subjects failed to obey this predic-
tion. Moreover, the deviation from the EO prediction is
not simply a constant offset from the minimal depth, as
the slopes of the plotted data differ from that of the
diagonal (Fig. 5). As the width of the panes increases,
the perceived depth also increases (three of four sub-
jects), but by an amount less than expected from EO.
However, concomitant with the increase in width, the
height of the panes decreases by the same amount. The
next experiment will look at whether the vertical extent
may have an effect on the perceived depth as well. In
any event, since the vertical extent of the aperture is not
expected to affect the depth according to the EO frame-
work, this experiment shows that the sieve effect cannot
be completely accounted for by the geometry of real
world occluding surfaces for two reasons: (1) The per-
ceived depth is less than the minimal depth consistent
with occlusion; and (2) The dependence of the per-
ceived depth on pane width is weaker than expected
from EO.

3.3. Experiment III: dependence of the sieve effect on
vertical dimension

The results so far indicate that the depth arising from
unmatched images in the sieve effect is quite different
from classical stereopsis in its precision (Experiment I)
and also different in magnitude from the prediction
based on occlusion (Experiment II). Neither of these
explanations predicts a dependence of depth on the
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Fig. 5. Summary of data shown in Fig. 4. The perceived depth from
the best-fit curve is plotted against the width of the panes for the two
stimulus conditions, portrait and landscape. Error bars show the 95%
confidence intervals of the depth estimates. The error bars for subject
MC are smaller than the size of the plot symbol. The diagonal line
represents the minimum depth that would be consistent with the
ecological optics of occlusion.
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Fig. 6. Effect of height of sieve pane on perceived depth. Sieve stimuli
contain panes of the same width but different height — namely,
16 x 26 min (A) or 16 x 7 min (@®). Each data point represents the
mean of 15-75 observations. The perceived depths and 95% CI
(arcmin) are, for the 16 x 7 and 16 x 26 conditions respectively: (JT)
11.540.6 and 144+ 1.0; (FM) 19.7+0.4 and 20.6 +0.4; (SK)
11.7+ 0.5 and 14.1 +0.9.

vertical extent of the unmatched images; that is, within
the sieve stimulus, changes in the pane height do not
affect the horizontal disparity cue nor the minimum
depth of the occlusion constraint. To further study the
relevance of disparity and occlusion to the sieve effect,
we examined the effect of the vertical dimension of the
panes on the perceived depth. In this experiment, two
sieve stimuli having the same pane widths but different
heights were compared. Each trial presented either the
short panes (16 x 7 min) or the tall panes (16 x 26
min), randomly interleaved in each run. Three subjects
participated. For FM and SK, both stimuli contained
25 panes. For JT, the stimulus was of either 70 small or
30 large panes. Psychometric functions for these three
subjects are shown in Fig. 6.

The smaller pane height caused the perceived depth
to move closer to the fixation plane for all subjects. The
differences — from 1 to 3 arcmin — were statistically
significant, but less than the change in pane height.
There was no significant difference in the slope of the
psychometric curves in two of three subjects (JT and
FM).

Together with Experiment II, these results show that
the perceived depth of the sieve stimulus depends on
both spatial dimensions, but apparently more on the
horizontal than the vertical. Neither the matching/dis-
parity nor the EO explanation alone can fully account
for this kind of dependence. One possibility is that even
though panes were always less than 1° in size, and
hence in the regime where alternating exclusive rivalry
is found, the depth depends on the size or shape of the
region engaged in rivalry. This influence on perceived
depth might coexist with a cue related to the horizontal
dimension. Thus, in Experiment III, the effect of the
change in the vertical extent of the pane might be due
to a change in its area. In Experiment II, the area of the
pane was not varied and perceived depth changed, but
not in accord with the extent of the horizontal cue. To
account for these results, one would have to postulate
either that there is a depth cue related to the vertical
extent per se, or that the apparent effect of vertical
extent is mediated by binocular rivalry, and the
strength of the latter is in turn dependent not only on
the size of the pane, but also its shape. In any case, the
dependence of perceived depth on the dimensions of the
pane is not simply consistent with occlusion.

4. Discussion
4.1. Summary of results

We report a quantitative analysis of the depth per-
cept elicited by a family of stimuli that have interocular
differences but no well-defined interocular disparity
cue. Several aspects of our results — the precision of
the depth percept and the dependence of its magnitude
on the horizontal and vertical extent of the unmatched
regions — are at odds with two current computational
frameworks for stereopsis, namely, positional disparity
computation based on matchable image features, and
recovery of occlusion relationships from unmatched
features. Experiment I showed that the depth increment
thresholds based on horizontal disparity cue were an
order of magnitude better than those achievable with
the sieve stimulus. This is consistent with the results of
Cogan, Kontsevich, Lomakin, Halpern and Blake
(1995), who measured stereoacuity using bar
stereograms and found that relative depths of same-
contrast half images could be detected better than
reversed-contrast images by an order of magnitude. A
somewhat smaller difference (0.5 log units) was found
by Cogan, Lomakin and Rossi (1993) using a figural
stereogram depicting a pair of dots. This dramatic
difference in precision suggests that the computations
underlying these two depth processes are likely to be
distinct. Experiment II showed that the perceived
depths from our unmatched-image stereograms were
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dependent on the widths of the unmatched images, but
in a manner inconsistent with the ecological optics of
occlusion. In light of this discrepancy, the notion that
perceived depth is based on the real world constraint of
surface occlusion appears inadequate to explain this
perceptual phenomenon. Experiment III showed that
the perceived depths were dependent on the vertical
extent of the unmatched images as well. This is counter
to predictions based on either of the above two
frameworks.

4.2. Interocular matching

Three additional observations suggest that depth per-
ceived in the sieve effect is not driven by horizontal
disparity cue from binocular matching. Since the eye-
of-origin of a classical stereogram carries the sign of the
depth information (Nakayama & Shimojo, 1990b), if
some unintended horizontal disparity cue were the basis
for the sieve effect, then the sign of perceived depth
should reverse upon switching the half images. How-
ever, the luminance polarities of the panes are assigned
randomly before each trial (so the assignment of the
half images to the two eyes is random), but the sign of
the depth percept is remarkably consistent. Secondly,
even if conventional Wheatstone stereopsis can be
driven by ‘matching’ primitives that are opposite in
contrast (Helmholtz, 1909/1962 cited in Cogan et al.,
1995; Kaufman & Pitblado, 1969; but see Treisman,
1962; Levy & Lawson, 1978; Cogan et al., 1993), the
resulting disparity in the sieve stimulus is zero and
cannot produce the depth percepts we found. Finally,
the necessity of a longer time for depth perception in
the sieve stimulus, compared to <50 ms for simple
random-dot stereograms (Julesz, 1964), suggests that a
different mechanism may be involved. These observa-
tions further support the hypothesis that horizontal
disparity matching per se cannot account for the sieve
effect.

4.3. Role of vergence

We consider, but question another possible explana-
tion for the sieve effect, which is based on induced
depths resulting from subjects’ fixation disparity. Fixa-
tion disparity refers to the slight misconvergence of the
eyes causing intended fixation targets to have a nonzero
disparity. If unmatched monocular features default to
the depth of the fixation plane (Howard & Rogers,
1995; McKee, Bravo, Smallman & Legge, 1995; Small-
man & Mckee, 1995), then in the presence of fixation
disparity, they would be perceived at a different depth
relative to the surrounding matchable image points.
Some studies have found a relationship between fixa-
tion disparity and the perceived depth of unmatched
stereograms. O’Shea and Blake (1987) reported that

depth was obtained from a random-dot correlogram
that had an uncorrelated center against a correlated
surround, both without positional disparity. Near
depths were reported by subjects who exhibited under-
convergence, while far depths were seen by those with
over-convergence. These investigators hypothesized
that for a subject who habitually under-converges, the
failure to bring the half images into registration sug-
gests to the visual system that the depth lies in the
opposite direction. We do not believe fixation disparity
can fully explain the sieve effect for the following
reasons: First, O’Shea and Blake found that among
their subjects, near and far depths were preferred
equally. Furthermore, although subjects showed a gen-
eral preference for one direction, fewer than 10% of
their 52 subjects had a uniform response to all trials. In
contrast, the sieve effect was consistently seen as behind
the correlated surround. Secondly, from subjects’ verbal
reports on monitoring the nonius markers, the vergence
changes were not large enough to account for the
magnitude of the perceived depths. Finally, it is unclear
how misconvergence could account for the effect of
pane height on perceived depth.

4.4. Relationship to physiological modeling

We begin by emphasizing that motivation in these
studies is to advance the understanding of the computa-
tions underlying perception, not to address its ‘pur-
pose’. Our distinction between the purpose and the
process of vision follows Dodwell (1975): the former is
generally clear from behavioral considerations and not
altered by changes in understanding of the latter. In
particular, the utility of apprehending occlusion rela-
tionships remains, even if occlusion geometry does not
form the basis of the underlying computational mecha-
nism. Moreover, postulating that visual system re-
sponds to unmatched stercograms insofar as they are
consistent with the real world constitutes in essence a
statement of purpose, but does not directly bear on the
question of process. Ultimately, we are interested in the
neural mechanism by which the visual system calculates
depth. The results presented here provide some new
constraints for computational models and their neural
implementation. We will show that the current physio-
logical model of stereo perception does not meet these
constraints. A model that will account for both these
and conventional depth stimuli is currently under
investigation.

Like classical stereopsis, the depth from ‘unmatched
images’ depends inherently on the comparison of the
input from both eyes. This process requires that the two
monocular visual input be distinguishable. Since
monocular neural signals remain segregated before
reaching the striate cortex, where they converge onto
single neurons, the computation that underlies this
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interocular comparison most likely begins at this stage.
For this reason, our consideration of physiologically
plausible mechanisms begins with the available binocu-
lar cells in the striate cortex. (However, we note that it
is possible that depth computations relying on monocu-
lar information take place in other visual areas as well,
since some V2 neurons receive monocular input
(Burkitt & Ts’o, 1999), and the presence of disparity
information in later visual areas (Poggio, 1990; DeAn-
gelis, Cumming & Newsome, 1998) implies that signals
from the two eyes are treated distinctly, even if not kept
separate.)

At present, the best-defined physiological model is
based on data from simple and complex cell responses
in primary visual area of the cat (DeAngelis, Ohzawa &
Freeman, 1991; Ohzawa et al., 1990). When studied
with stimuli that vary only in one dimension (horizon-
tal), the responses of these cells are reasonably well-de-
scribed by a so-called ‘energy’ model (reviewed in
Ohzawa, 1998). The energy model produces a stimulus-
phase independent measure of disparity, by squaring
and summing outputs from a quadrature pair of linear
binocular filters. The left and right monocular stages of
the filter may differ (in spatial position, phase, or a
combination), resulting in an optimal binocular re-
sponse to a stimulus disparity that produces the
smallest interocular phase difference in the monocular
outputs (Fleet, Wagner & Heeger, 1996). Moreover, in
response to a one-dimensional sinusoidal stimulus, the
output of a quadrature unit is a cosinusoidal function
of stimulus disparity with a frequency equal to the
stimulus frequency (Qian, 1994; Fleet et al., 1996). Thus
the responses of a disparity energy neuron (‘quadrature
unit’) to a given stimulus disparity depends on its
receptive field organization and frequency selectivity.
From a population of such quadrature units, in one
implementation, ‘disparity’ is computed from the recep-
tive field parameters of the maximally responsive unit
(Qian, 1994). For a stimulus with the same contrast
polarity in both eyes and well-defined disparity, this
method gives an unambiguous answer, provided that
the stimulus disparity is restricted to the range — 7/w,
to m/w, where w, is the preferred spatial frequency of
the unit (Qian, 1994; Qian & Zhu, 1997). Alternatively,
pooling the responses of units of different orientation
and spatial scale preference also reduces the ambiguity
in the disparity measure (Fleet et al., 1996). The energy
method of disparity computation has been tested on
random-dot stereograms (reviewed in Qian, 1997), and
performs well on these stimuli.

Fleet et al. (1996) showed that the sinusoidally modu-
lated component of the response of a quadrature unit is
similar to a cross-correlation operation on the output
of the intermediate monocular stages. Hence the energy
model predicts that if the contrast polarity of one of the
half images is reversed, the disparity tuning of each

energy unit will invert also (Ohzawa et al., 1990; Eq.
2.13 of Qian, 1994; Cumming & Parker, 1997; Qian &
Mikaelian, 2000). That is, the disparity-tuning function
will be shifted by one half of the preferred spatial
period of the unit. We can consider the sieve stimulus
as a pair of images with zero disparity and locally
inverted interocular contrast polarity. In qualitative
terms, then, this stimulus should maximally drive two
groups of binocular cells — those that have a peak
disparity tuning, in response to matched-contrast stim-
uli, at half of a cycle (comparable to the width of the
panes) on either side of fixation. Thus, the existence of
a consistent, but less precise, depth percept reflects how
these ambiguous signals are synthesized into a ‘dispar-
ity’ signal. In particular, this bimodal population re-
sponse results in a perceptually unambiguous sense of
uncrossed depth. This perceptual outcome is not readily
understood in terms of a winner-take-all approach to
reading out the population activity, even though the
activity of the population of binocular neurons neces-
sarily contains the information needed to account for
the perceived depth in the sieve stimulus.

We also found that the magnitude of the depth
percept depended on the vertical extent of the panes.
This seems to require another kind of elaboration on
the current model. Since the model is one-dimensional,
changing the vertical extent of the stimulus might alter
the size of the response of disparity-sensitive simple and
complex cells, but it would not influence which cells
have the largest response. Thus, ‘disparity’, as read out
by the tuning of the cells that respond the best, would
not be altered by the vertical extent of the stimulus. To
account for the observed dependence of perceived
depth on the vertical extent of the panes, the fundamen-
tal disparity-sensitive computational element must
make use of the vertical dimension in a subtle way.

In summary, the results reported here further charac-
terize the nature of depth perception from unmatched
images. This percept cannot be readily explained by
conventional disparity nor by ecological occlusion.
Strict implementation of current neurally-based compu-
tational schemes also cannot account for depth in the
sieve effect. Nevertheless, it may be possible to account
for this depth percept with the same neural elements
that are used for classical stereopsis, provided that both
the read-out and the front end of the latter process are
suitably elaborated.
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