
1 Introduction
The study of depth perception since Barlow et al (1967) and Julesz (1971) has largely
focused on binocular disparities and the correspondence problem. Recent studies, how-
ever, have shown that there is more to stereopsis than simple point-by-point matching
(Gillam and Borsting 1988; Nakayama and Shimojo 1990; Shimojo and Nakayama
1990, 1994; Anderson 1994, 1998, 1999; Anderson and Nakayama 1994; Liu et al 1994;
Gillam et al 1999; Gillam and Nakayama 1999).

Da Vinci stereopsis (Nakayama and Shimojo 1990; Shimojo and Nakayama 1990,
1994) shows that monocularly presented (unpaired) objects can be perceived in depth,
but only if their presence in one retinal image and absence in the other can be recon-
ciled with the geometry of occluding surfaces. In the same vein, Gillam and Nakayama
(1999) used the geometry of occluding surfaces to elicit the perception of `phantom'
surfaces in depth in the absence of binocular correspondence. In the latter study,
illusory rectangles appear in depth when parts of the `further' objects (vertical lines)
are erased to suggest a `phantom' occluder. This shows that visual (modal) completion
of illusory contours can elicit a depth percept in the absence of binocular correspon-
dence.

In the present paper we extend these findings and show a new way for depth to
be assigned in the absence of binocular correspondence, namely amodal completion.
When an object in the visual scene is partially occluded by another, the shape of its
occluded parts and consequently its complete form, can be inferred through amodal
completion (Kanizsa and Gerbino 1982; Pessoa et al 1998). This is achieved through
surface (Nakayama et al 1995) or volume (Tse 1999) completion, a process in which an
internal representation is constructed with or without an intermediate stage of contour
completion (Kellman and Shipley 1991; Yin et al 1997, 2000; Tse 1999).

Since amodal completion depends upon constructed representations, and since it
can be achieved monocularly, then direct point-by-point matching of corresponding
features should not be necessary to perceive depth in amodally completed objects.
Indeed, we show that amodal completion based on monocular information allows the
visual system to use contours that are not physically visible but are interpolated to
assign stereoscopic depth correctly.
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2 Methods
Four participants, three males and one female, aged between 27 and 37 years old and
employed at the University of Glasgow took part in the experiment. Two potential
participants had to be rejected as they could not perceive depth in our baseline con-
dition. Participant BB is one of the authors; the others were experienced psychophys-
ical observers but were na|« ve as to rationale and aims of the experiment.

Simple stereograms, which can be seen in figure 1, were designed specifically for
the experiment. They consist of a black-and-white configuration or `object' and a grey
configuration or `occluder', both in front of a random-dot background.

The stimulus in figure 1a represents the baseline condition. When left unfused,
each image can be interpreted either as three small white rectangles and three small
black rectangles amidst grey bars or as two larger, juxtaposed surfaces of opposite

(a)

(b)

(c) (d)

Figure 1. The stimuli created for the experiment. In both (a) and (b), divergent fusers should
fuse the left pair of images and convergent fusers should fuse the right pair. (a) Stereograms
of the stimulus when correspondence is available and the object is stereoscopically placed
behind the occluder (baseline condition). In this particular pair, the edge where black and white
meet was shifted by a cumulative crossed disparity of 3.85 arcmin, which creates a convex
percept. (b) The exact same stimulus pair (identically shaped and positioned black-and-white
object), this time presented behind the c̀rooked occluder' (experimental condition). Notice how the
central edge, the only portion of the image that carries convexity information, is now hidden in a
mutually exclusive manner in the two eyes. Note also that the occluding bars are thicker than the
space between them, so that no end-point matching is available. (c) Schematic representation of
the percept elicited by the stimulus pair in (a). (d) Schematic representation of the percept
expected from the stimulus pair in (b).
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luminance behind grey bars. The latter, a more generic interpretation (Nakayama and
Shimojo 1992) which depends upon amodal completion, is usually dominant.

In figure 1a, the black-and-white object is stereoscopically placed behind the grey
occluder. The edge where black and white meet was shifted with crossed disparities to
elicit the percept of a convex `folded card', illustrated in figure 1c. If the edge was
shifted with uncrossed disparities, it would then elicit the percept of a concave card.

The stimulus shown in figure 1b and schematised in figure 1d represents the experi-
mental condition. The black-and-white object is identical in shape and proportion to
the one in the baseline condition. The occluder, however, is different. Indeed, the grey
horizontal bars have been split at their mid-point and then the two halves have been
vertically shifted one relative to the other. It can be seen that this c̀rooked' occluder
hides the edge where black and white meet in a mutually exclusive manner in the two
eyes. It therefore does not allow any point-by-point matching of the edge, the only
portion of the black-and-white area that provides information about the convexity or
concavity of the object. In other words, it removes binocular correspondence. It should
be noted that the occluded segments were thicker than the visible segments, so that
no end-point matching was possible.

In both the baseline and the experimental conditions, the black-and-white object was
stereoscopically placed behind the grey occluder. We predicted that in these instances
of `logical occlusion' depth would be well perceived, even in the experimental condition
when binocular correspondence was not available.

Two additional conditions were created to control for monocular or alternative
strategies that the observers could use to solve the scene. In these conditions (condi-
tion 3, straight occluder; condition 4, crooked occluder), the black-and-white object
was stereoscopically placed in front of the occluder. This put stereoscopic information
and T-junction information in conflict and we predicted that this `illogical occlusion'
would severely impair performance, even with the straight occluder when binocular
correspondence was available (Nakayama et al 1989, 1995).

All four conditions and the expected performance of the observers in each is
summarised in table 1.

The observers sat 1 m from the monitor, placed their chin on a chin rest and
viewed the stimulus pairs through a modified Wheatstone stereoscope. In each trial,
they had to indicate whether the black-and-white object appeared to be convex or
concave (2AFC) by pressing a key.

They were asked to complete four blocks of 288 trials, two blocks with the
straight occluder (with correspondence) and two blocks with the crooked occluder

Table 1. The four tested conditions and the expected results.

Condition Expected performance

1 With correspondence (straight occluder) Baseline condition (as in figures 1a and 1c).
Logical occlusion (object behind) Depth should be well perceived.

2 Without correspondence (crooked occluder) Experimental condition (as in figures 1b and 1d).
Logical occlusion (object behind) Can amodal completion allow the perception of

depth without binocular correspondence?

3 With correspondence (straight occluder) Control condition.
Illogical occlusion (object in front) T-junction information is expected to prevail over

stereo information. Performance should be poor.

4 Without correspondence (crooked occluder) Control condition.
Illogical occlusion (object in front) No depth should be perceived.

Perception of depth without binocular correspondence 1039



(without correspondence). Each block contained 144 `object stereoscopically behind
the occluder' (logical occlusion) and 144 `object stereoscopically in front of the
occluder' (illogical occlusion) trials, presented in random order. Each stimulus pair was
presented for 500 ms (only slightly more noisy results were obtained at 250 ms).

The stimuli were created with the PsychToolbox (Brainard 1997; Pelli 1997) for
MATLAB and were presented on a 21-inch monitor by an Apple G4 computer. The
non-occluded (random-dots) surface subtended 3.08 deg62.02 deg of visual angle.
The occluding horizontal bars were 0.257 deg in height, which was larger than the area
visible between them (0.224 deg).

The black-and-white area subtended 1.54 deg61.28 deg of visual angle. It was
presented with a crossed or an uncrossed disparity of 9.62 arcmin, which placed it
47 mm in front of or behind the grey occluder respectively.

In half the trials, the left part of the object was white, as in figure 1, while in the
other half, the left part of the object was black.

Convexity or concavity of the black-and-white area was introduced by shifting the
edge (where the black and the white surfaces meet) by 0.965, 1.93, 2.89, or 3.85 arcmin
in opposite directions in each eye. These shifts created cumulative disparities of 1.93,
3.85, 5.78, or 7.70 arcmin and the binocular edge therefore appeared 9, 19, 28, or 37 mm
in front of or behind the fixed sides of the black-and-white area.

The dependent variable, the `proportion convex', refers to the proportion of times
that the observer reported a percept of convexity, out of 32 repetitions of a given
condition. The distributions of `proportion convex' as a function of edge disparity
(9 steps) were fitted with cumulative Gaussians. The slopes at the point of subjective
equality and confidence intervals were obtained by Monte Carlo resampling (Wichmann
and Hill 2001a, 2001b).

3 Results
Results for the four observers tested are shown in figure 2. All four observers excelled
in the baseline condition, when binocular correspondence was present and the object
was stereoscopically placed behind the occluder (left graphs, solid dots). In the experi-
mental condition, when the object was still stereoscopically placed behind the occluder
but the binocular correspondence was removed by the crooked occluder (right graphs,
solid dots), the participants, especially BB, FG, and ML were still very efficient at
discriminating between convexity and concavity. In other words, the participants could
perceive depth without binocular correspondence even though no segments of the
central edge offered the possibility of matching. This shows that the visual system can
use contours that are not physically visible in the image but rather are interpolated,
or completed, on the basis of monocular information to assign depth. The amodal
completion of the black-and-white object allowed the perception of depth without bin-
ocular correspondence.

In the control conditions, when the object was stereoscopically placed in front
of the occluder, thus creating conflict between disparity and T-junction information,
performance was greatly impaired both with correspondence (left graphs, open dots)
and without correspondence (right graphs, open dots).

In these two conditions, the first three observers could not report convexity or
concavity accurately: BB was at chance level while FG and ML showed only residual
discrimination accompanied by a bias for convexity. In other words, T-junction infor-
mation preceded over disparity information, as was expected from previous reports
(Nakayama et al 1989, 1995). Since the monocular information presented was identical,
the negative results in the control conditions ensure that no monocular cues could
have provided alternative strategies to solve the task.
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Figure 2. The results. Left graphs: with correspondence (straight occluder); right graphs: without
correspondence (crooked occluder). Filled dots: object stereoscopically placed behind the
occluder (logical occlusion); open dots: object stereoscopically placed in front of the occluder
(illogical occlusion). All four observers perceived depth in the baseline condition (straight occluder,
logical occlusion), as shown by slopes significantly different from zero (BB: 3:42� 0:354;
FG: 3:26� 0:402; ML: 4:26� 0:450; WA: 7:65� 0:816 degÿ1). All observers similarly perceived
depth in the experimental condition (crooked occluder, logical occlusion), that is without corre-
spondence, as shown by slopes significantly different from zero (BB: 3:43� 0:348; FG:
2:50� 0:384; ML: 2:36� 0:402; WA: 2:78� 0:480 degÿ1). In the control conditions where the
objects were placed stereoscopically in front of the occluders (illogical occlusions), the observers
could not reliably assign depth (with the exception of participant WA, see a discussion of her
results in the text).
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The results of the fourth observer differed significantly from the others, especially
when correspondence was available and the object was stereoscopically placed in front
of the occluder (left graph, open dots). WA, a very experienced psychophysical observer
with exceptional stereoacuity and vast experience of stereoscopic displays, showed an
almost perfect performance in this condition. She seemed to value disparity cues far
above T-junction information and was therefore able to report convexity or concavity
accurately. She indeed reported verbally that she could clearly see three independent
black-and-white wedges in front of the occluder, while the other subjects reported that
the four conditions did not yield qualitatively different percepts.

WA also complained that, when correspondence was removed by the crooked
occluder, she ``didn't know what to fuse'' and that she believed she might have been
`̀ fusing the edge with the side of the occluder''. If such a strategy is adopted, the
disparities thus created will always elicit a convex percept, as shown in figure 3.

Accordingly,WA shows a very strong bias for convexity in the experimental condition
(without correspondence, logical occlusion) and reported that she perceived either
`̀ convexity or nothing''. She also reported that, when the percept was unclear, she
pressed the concavity key to compensate, which explains her bias for concavity in the
without correspondence, illogical occlusion condition.

In summary, the pattern of results for WA in the experimental condition demon-
strates that relying on local disparity information by matching individual segments of
the object without regard to the whole is misleading.

It should be noted that very similar results were obtained when the black-and-white
area was horizontally translated to less central positions, or when the black and the
white areas were made to be of unequal sizes. Results were also unaffected by reloca-
tion of the fixation point to different positions on the frontoparallel plane or along
the line of sight.

A posteriori analysis revealed an interesting effect. In all four participants, convexity
was most likely to be perceived when white was on the left and concavity was more
likely to be perceived when black was on the left. The effect was significant in two
participants (BB: z � 4:36; FG: z � 3:42, p 5 0:001). This is consistent with demon-
strations showing that observers assume by default that light is coming from above-left
(Sun and Perona 1998; Mamassian and Goutcher 2001).

4 Discussion
The present study offers a clear demonstration that amodal completion allows the
visual system to assign stereoscopic depth in the absence of binocular correspondence.
More precisely, amodal completion of the occluded object, based on monocular infor-
mation, allows the visual system to use contours which are not visible but are
interpolated to assign stereoscopic depth. Indeed, without any possibility of direct
binocular matching observers consistently perceived the appropriate 3-D configuration
of amodally completed surfaces behind a solid occluder.

This supports the view that the visual system interpolates surfaces to construct a
3-D representation of an object (Nakayama et al 1995). It shows that this representa-
tion is precise and vivid enough to elicit correct depth percepts in the absence of direct
binocular correspondence.

In da Vinci stereopsis (Nakayama and Shimojo 1990) the object is shown monocularly
and its counterpart in the other eye is assumed by the visual system to be under the
occluder, as close as possible to visibility. As such, the visual system can successfully
solve the scene geometry and perceive depth by establishing correspondence between
the seen object and the border of the occluder. In our demonstration, using this
strategy is misleading, as shown in figure 3. The way in which corresponding elements
of our stimuli are occluded in an alternative and mutually exclusive manner in the
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Figure 3. Schematic, top-view representation of the stimuli presented in the experimental condition
(crooked occluder). This diagram shows that fusing the object's black-and-white edge in one eye
with the side of the occluder in the other eye gives disparity information that always leads to a
convex percept, and that such a strategy is therefore misleading. In (a), the object presented (con-
tinuous grey-and-black folded card) is convex and fusing the edge in one eye with the side of
the occluder in the other correctly elicits a convex percept (dashed grey-and-black folded card).
In (b), the object presented is now concave but fusing the edge in one eye with the side of the
occluder in the other eye will elicit a convex percept. This further supports our claim that
the three observers that performed well in the experimental condition and did not report any
qualitative difference in percepts between the baseline and experimental conditions based their
judgments not on local cues but on the global perception of an amodally completed black-and-
white surface.
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two eyes forces the visual system to depend solely on interpolated contours or surfaces,
which it is clearly able to do.

Gillam and Nakayama's (1999) demonstration showed `phantom' occluders appearing
in depth without binocular correspondence. The phantom occluder was created by the
visual system to account for the presence of one feature in one eye and its absence in
the other eye. Their demonstration therefore involves a binocular comparison of the
information available and the creation of a surface as the only way to reconcile the two
images. In contrast, our demonstration forces the visual system to process each image
monocularly and to interpolate the missing features of the occluded object before any
binocular processing.

Panum's (1858) famous limiting case is related to da Vinci stereopsis, to phantom
stereopsis, and to the present demonstration. In short, presenting one thin vertical
line in one eye and two in the other leads to the perception of two vertical bars, one
closer to the observer than the other. The depth effect seems to be dependent on an
internal reconstruction of the stimulus configuration that could produce the discrepant
retinal images (see Gillam et al 1995). The same can be said of the experiment dis-
cussed here, but we stress once again that ours is the only instance where the stimuli
have to be reconstructed monocularly (amodally completed) before successful matching
can take place.

Our results are complementary to those of Ha« kkinen and Nyman (1997). They
reported that the perception of slant due to horizontal magnification of one retinal image
is diminished when an occlusion interpretation is possible. We, on the other hand, have
shown that slant can be perceived even though the actual borders that should define
horizontal magnification are occluded. They argue convincingly that `̀ the matching
of binocularly visible edges is not a sufficient process for determining the three-
dimensional structure of the visual world'' (page 38). We add that the occlusion of
those edges and the elimination of point-by-point binocular matching does not in
itself preclude the correct perception of the 3-D structure of the visual world. This is
especially true if, as Ha« kkinen and Nyman (1997) said, local cues can be interpreted
according to global context.

Verbal reports to the effect that the four conditions did not result in qualitatively
different percepts and in a different subjective evaluation of performance are also of
interest. This taps into recent research in visual awareness and consciousness, where a
difference is observed between subjective appraisal and objective assessment of perfor-
mance (Kolb and Braun 1995; Crick and Koch 1998). This implies that the interpolation
of surfaces and the resulting 3-D representation can occur at a largely unconscious
level if the stimuli are small, degraded, or brief enough. These phenomena concur with
the idea that surface interpolation, like figure ^ ground processing, is a fast, first-stage,
low-level process that is not dependent upon direct binocular matching.
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