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Abstract-Experiments are reported that involved spatial judgments of planar surfaces that had 
contradictory stereo and monocular information. Tasks included comparing the relative depths of two 
points on the depicted surface and judging the surface’s apparent spatial orientation. It was found that 
for planar surfaces the 3D perception was dominated by the monocular interpretation, despite the strongly 
contradictory stereo information. We propose that stereo information is effectively integrated only where 
the surface exhibits curvature features or edge di~ontinuities, i.e. where the second spatial derivatives of 
disparity are nonzero. Planar surfaces induce constant gradients of disparity and are thus effectively 
featureless to stereopsis. Further observations are reported regarding nonplanar surfaces, where con- 
tradictory monocular information can still be effectively rivalrous with that suggested stereoscopically. 

Stereopsis Binocular vision Depth perception 

INTRODUCTION 

How does stereopsis constrain the perceived 3D 
shape and spatial orientation of static surfaces? 
The most plausible answer, seemingly, would be 
in terms of distance information determined 
from disparity at points across the surface. 
Stereopsis is generally expected to provide 3D 
distance information, specifically range and rel- 
ative depth across visible surfaces, as derived 
from horizontal (and possibly vertical) retinal 
disparities given geometric parameters such as 
the angles of gaze and convergence (Mayhew, 
1982; Longuet-Higgins, 1982a, b; Prazdny, 
1983). There is much psychophysical evidence to 
support the view that stereopsis provides dis- 
tance info~ation. Stereopsis allows accurate 
judgments of absolute distance out to at least 
2m (e.g. Wallach and Zuckerman, 1963; Ritter, 
1977, 1979; Morrison and Whiteside, 1984), 
and, within that range, distance intervals are 

*Supported by Office of Naval Research Contract 
NOOOI4-K-84-0533. 

~Mon~ular depth cues, despite their name, are primarily 
sources of information about local surface orientation 
(the orientation of surface patches relative to the line of 
sight) and of shape (surface curvature as well as the 
intrinsic geometry of the surface) and only in a weaker 
sense able to deliver distance information, either relative 
or absolute (Marr, 1982; Stevens, 1983b). That is, mono- 
cularly there is more reliable info~ation about surface 
shape features and orientation than of distance per se. 

accurately perceived from disparity intervals 
(so-called “stereo depth constancy”, see Ono 
and Comerford, 1977; Wallach et al., 1979). It 
therefore seems reasonable to conclude that 
binocular vision in natural circumstances results 
in more-or-less complete and accurate 3D map- 
ping of the surfaces in the immediate surrounds. 
But it is not clear how that 3D info~ation 
might be combined with that derived mono- 
cularly. 

Compared to stereopsis, the monocular 
“depth cues” in a static image provide much 
weaker and less precise 3D information?. 
Strongly restrictive assumptions are required to 
interpret cues such as shading, texture gradients, 
and monocular configurations such as in Fig. 1 
(Stevens, 1981a, b, 1984). In comparison to the 
sound geometrical basis for determining abso- 
lute and relative distances from stereo disparity, 
one would expect stereopsis to dominate over 
the less reliable monocular information. This 
study and others, however, suggest the contrary: 
monocular configurations often dominate the 
resulting 3D interpretation over stereopsis, even 
in the near range where stereopsis is most 
accurate. 

To be sure, binocular vision generally yields 
more accurate 3D jud~ents than monocular 
vision based on linear perspective, texture, shad- 
ing, and so forth (e.g. Smith and Smith, 1957, 
1961; Smith, 1965). Contradictory results were 
reported by Youngs (1976), however, where 
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Fig. I. Monocular configurations that evoke definite 3D interpretations 

stereo disparity had no significant effect on 
apparent slant (of planar stimuli). Youngs 
(1976) questioned “why the disparity coding 
fails so miserably” in those experiments. Stere- 
opsis is particularly weak in the presence of a 
strong contradictory monocular interpretation, 
such as presented in reversed-disparity stereo- 
grams of a face or a street scene (Wheatstone, 
1852; Schriever, 1925; Gregory, 1970; Yellott 
and Kaiwi, 1979), or by Hochberg’s striking 
Necker cube stereogram (see Julesz, 1971, p. 
163), wherein a cube at constant retinal dis- 
parity readily reverses in depth. 

We performed a series of experiments to 
attempt to determine what role stereopsis plays 
in the presence of contradictory monocular 
information. Experiment 1 concerned whether 
stereopsis could be used to effectively contradict 
the monocular interpretation of oblique inter- 
sections as foreshortened right angles, when the 
intersections were actually not perpendicular in 
3D. We used stimuli similar to the planar grid 
in Fig. 1, and found stereopsis remarkably 
impotent in influencing the perceived orien- 
tation and 3D configuration. Experiment 2 sim- 
ilarly examined relative depth judgements in 
displays with conflicting stereo and monocular 
information. Given a simple pair of stereo 
points, that with the greater (more positive) 
disparity is seen as relatively farther. But if these 
points are embedded in a continuous 3D sur- 
face, and if the monocular interpretation sug- 
gests an alternative relative depth between the 
two points, that monocular interpretation gov- 
erned the judgement in our experiment. Experi- 
ment 3 similarly examined whether a conflicting 
disparity gradient influenced the monocularly 
interpreted surface orientation. 

We recognized a common theme: our stimuli, 
although rich in terms of stereo information, 
consisted of planar surfaces in 3D. Examination 
of control stimuli convinced us that sufficient 
stereo information was available, rather it ap- 
peared that stereo disparities across a planar 

surface were simply not effectively analyzed in 
3D. More formally, we hypothesized that stere- 
opsis extracts 3D surface information only 
where the second spatial derivatives of disparity 
are nonzero, corresponding to loci where the 
surface is curved, creased, or discontinuous. 
Experiment 4 directly examined planar versus 
nonplanar stereo stimuli, with and without com- 
peting monocular interpretations. The results 
further support this hypothesis. (And reviewing 
earlier studies, we observed that where stereop- 
sis was particularly ineffective against 
conflicting monocular information, those stud- 
ies involved planar surfaces.) 

An adequate explanation must address two 
issues: the computation of depth from disparity 
and the integration of stereo and monocular 3D 
information. We will argue that depth is derived 
from disparity only where the surface exhibits 
continuous curvature or sharp discontinuities. 
But we suggest that depth, the apparent vari- 
ation in surface relief, is reconstructed from 
multiple sources of evidence about surface to- 
pography. That is, surface shape is first ana- 
lyzed in terms of sharp edges and creases, 
smooth folds, indentations, and so forth, from 
both binocular and monocular sources. The 
depth one experiences is a consequence of how 
this information is interpreted and reconciled. 
Depending on how the monocular information 
is interpreted, radically different depth distribu- 
tions might be experienced. This is quite distinct 
from the notion that depth (and slant) is derived 
directly from stereo disparity (and its gradient). 

EXPERIMENTS 

Experiment 1: interpretation of Perpendicular 
Intersections 

Observers tend to interpret monocular images 
of oblique intersections as right-angle inter- 
sections in 3D (Attneave and Frost, 1969; Perk- 
ins, 1972; Shepard, 1981; Stevens, 1983a). In an 
earlier experiment, Stevens (1983a) found that 
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subjects perceive such stimuli (e.g. a cross or a 
parallelogram) as lying on a plane oriented in 
3D. Subjects could reliably visualize the orien- 
tation of that plane, and judge whether a line 
segment, superimposed on the monocular stim- 
ulus at a given image orientation, corresponded 
to the visualized normal to the plane. Moreover, 
apparent tilt (direction of slant) agreed closely 
with that predicted by assuming that the stimu- 
lus image corresponded to a right angle in 3D. 
In the present experiment we used similar cross 
and grid stimuli, but now projected stereo- 
scopically, in order to examine whether the 
available stereo information would permit ob- 
servers to distinguish the true 3D configuration. 

Method 

Apparatus. Stereo pairs were presented by a 
Wheatstone-style stereoscope using a pair of 
optically flat front-surfaced mirrors and two 
Tektronix 634 monochrome displays (flat 
9 x 12 cm screens, 1100 line resolution, and less 
than 0.5% geometric distortion). The optic path 
from monitor screen to observer was 38 cm, and 
the two paths converged at total angle of 9.8” 
(providing consistent accommodation and ver- 
gence for a 65 mm interpupillary separation). 
Circular apertures allowed a 6.4” radius field of 
view. The stimuli consisted of luminous lines 
against a dark background. The stereograms 
were generated dynamically by a Symbolics 
3670 Lisp Machine; the monochrome monitors 
projecting the left and right images were driven 
independently by separate channels of a color 
frame buffer. 

To generate a stereo pair, 2D projections were 
computed from left and right vantage points 
that differed by the 9.8” convergence angle. The 
images could be generated in either perspective 
or orthographic projection. In the perspective 
case (used in Experiments 2 and 3) the 
projection was computed as if the surface were 
physically situated 38 cm from the viewer; for 
the orthographic case (Experiments 1 and 4) the 
viewing distance was lOO-fold further with the 
image scaled accordingly so as to subtend the 

*Here we refer to the fused binocular image as a 2D 
projection, in Julesz’s (1971) sense of a “cyclopean” 
retina. The projection might be described geometrically 
as the average of the left and right half images, or the 
equivalent projection that would arise with a zero inter- 
pupillary separation. We will refer to the “monocular” 
information present in that projection, disregarding the 
disparity information that is present as well. 

same visual angle as in the perspective case. All 
computed stereo disparities were distributed 
equally to the two half-images, corresponding 
with a frontal, fovea1 viewpoint with sym- 
metrical convergence of the two eyes. 

Stimuli. Two types of orthographic stimuli 
were presented stereoscopically: a pair of cross- 
ing lines and a 5 x 5 grid of lines. The angle of 
intersection was either 90” (Fig. 2) or skewed 15, 
30 or 45” from the perpendicular (Fig. 3). The 
grid became an increasingly racked paral- 
lelogram with increasing skew angle. Mono- 
cularly, varying skew angle would imply 
different spatial orientations; stereoscopically 
the spatial orientation should remain constant 
and only the intersection angle should appear to 
vary. The intention was to place a compelling 
monocular* impression of perpendicularity in 
opposition to contradictory stereo information. 
Note that orthographic projection was used to 
avoid a monocular cue to skew angle provided 
by perspective distortion to the skewed grid. 

The stimuli were specified by three spatial 
parameters relative to the plane containing the 
grid or cross. The orientation of the plane in 
stereo was defined by its slant (the angle be- 
tween the normal to the plane and the line of 
sight) and tilt (the direction to which the normal 
would project, i.e. the direction of slant). The 
third parameter specified the angular orien- 
tation of the grid or cross on the slanted plane 
(a rotation about the normal to the plane). The 
slant was held constant at 65”. Three angles of 
tilt and two angular orientations were used to 
provide six visually distinct perspectives of the 
grid and cross stimuli for each of the four skew 
angles-see (Stevens, 1983a) for similar cross 
and grid experiments in which the accuracy of 
apparent tilt judgments was found to be sub- 
stantially independent of the choice of tilt angle. 

Procedure 

Ten graduate students participated as paid 

subjects; all had good stereo vision and were 
naive to the purposes of the experiment. The 
subjects were shown example stimuli and expla- 
ined that they would see crosses and grids 
oriented at a slant relative to the observer and 
that the 3D intersections would sometimes be 
right angles and at other times skewed (the 
notion of a skewed intersection was reinforced 
with a physical demonstration). They were to 
make force-choice judgments of whether the 
intersection was perpendicular in 3D or not 
(referred to as the P judgment, made by depress- 
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Fig. 2. Examples of cross and grid stereograms, each with 0” skew angles. Note that the normal appears 
to project perpendicularly to the plane defined by the cross or grid. 

ing a mouse button). A positive response corre- response initiated the addition of a stereo line 
sponded to lines that appeared within approxi- segment to the stimulus that was a geometrically 
mately 5” of perpendicular. Unlimited accurate rendition of the normal to the-plane of 
presentation time was allowed. The P judgment the cross or grid. The subject made a second 

Fig. 3. Cross and grid stereograms, with identical spatial orientation as in Fig. 2, but with intersections 
skewed 45” from perpendicular. Note that the “normals” do not appear perpendicular to the plane of 

the grid or cross. 
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Fig. 4. Judgments of ~r~ndicularity as a function of skew angle for cross and grid stimuli in (a); 

corresponding judgments of the surface normal in (b). 

forced-choice response whether the line ap- the cross and grid stimuli. For 0” skew the 
peared to be normal (the N judgment, with the monocular and stereo information are both 
same criterion of roughly 5”). consistent with right angle intersections on a 

Results and discussion 
plane slanted 65”. Hence the 0” skew condition 
provides a baseline for the P and N judgments 

Figures 4(a) and (b) graph the number of P at greater skew. As skew angle increased, the N 
and N judgments as a function of skew angle for and P judgments for crosses and grids showed 
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B 

Fig. 5. In (a) the normal is correct for the monocular projection of a cross skewed 45”. In (b) the normal 
is correct of the monocular projection of a right angle intersection, 

different, and complementary, trends, Concern- 
ing the P judgments, the grids had a greater 
tendency to be seen as perpendicular, and corre- 
spondingly, the displayed normals appeared in- 
creasingly incorrect as skew angle increased. 
The crosses were seen more vertically (i.e. ac- 
cording to the stereo info~ation) although 
both P and N decreased with increasing skew 
for the crosses as well. Overall the grids were 
much more persistently judged on the basis of 
the monocular information. These trends all 
showed significance at P -c 0.05 using sign tests 
comparing the N and P jud~ents for 0” and 
45” skew angles. 

Since the stereo projection of the normal was 
geometrically correct with regard to the plane 
containing the intersecting lines, regardless of 
their angle of intersection in 3D, if stereopsis 
had dominated the P and N judgments, the 
intersections would have appeared skewed for 
all but the 90” case and the normals would have 
always appeared correct. Conversely, if the 
judgments were based on the monocular infor- 
mation, the intersections would have always 
appeared perpendicular and the normal would 
have appeared incorrect except for the 90” case. 

- 

*We later asked two experienced observers to judge the 
angle of intersection for various cross stimuli and found 
that they could accurately estimate the true intersection 
angle to within 5” or so, and yet, for the correspondence 
grid stimuli, they repeatedly judged a 45” intersection to 
be skewed only 15” or so from perpendicular. 

tQuantitatively, the difference in tilt amounts to 64”. The 
slant is also influenced by assuming the intersection is 
90”. For example, the grid scrap in Fig. 3 appears 
slanted much less than 65”). The computed monocular 
slant for Fig. 3, assuming it corresponds to a square grid, 
is only 38.5”. 

The data fell between these two alternatives: the 
monocular interpretation was markedly 
influential despite the geometrically-correct ste- 
reo information, and significantly more so for 
the grid than the cross. We also note that the 
subjects’ overall ability to judge the inters~tio~ 
angle was not particularly sensitive (e.g. skew 
angles differing by 15” were barely dis- 
tinguishable).* Thus the lack of precise corre- 
spondence between the N and P judgments as 
a function of skew angle may reflect the 
differences in difficulty of the two tasks. 

Figure 5(a) depicts the tilt of the surface 
normal for a cross and grid that is skewed 45”. 
This figure was rendered by projecting, an ex- 
perimental stimulus, with the geometrically- 
correct surface normal, at 0” rather than 9” 
convergence angle. Note that the normal in Fig. 
5(a) seems incorrect. Figure 5(b), which appears 
more appropriate, was computed by assuming 
the projection corresponds to a square cross or 
grid (see Stevens, 1983a, appendix, for formula). 
Figure 5(b) thus illustrates the difference be- 
tween the geometrically-correct stereo inter- 
pretation of a 45” intersection, and what one 
would perceive if that intersection were assumed 
perpendicular.? 

Given the richer stereo info~ation in the 
grid stimulus (IO lines and 25 inte~~tion 
points, compared to 2 lines and one intersection 
point) one might expect more accurate spatial 
localization of the grid than the cross. But 
stereopsis had a weaker role in determining both 
the perceived 3D orientation of the grid and tbe 
angle of intersection of the grid Iines, compared 
to the simpler cross stimulus. There was seem- 
ingly a greater tendency to “ignore” the stereo 
information in the grid compared to the cross 
stimuli. 
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Fig. 6. Example stimulus in which subjects judged whether the given probe point was nearer than, 
equidistant, or further than the central reference point. The stereo disparity gradient was either consistent 

with, orthogonal to, or opposite from the monocularly implied distance gradient. 

Experiment 2: Two-Point Relative Depth 
Judgments 

Method 

Stimuli. ne optical arrangement was un- 
changed from Experiment 1, but we now decou- 
pled the computation of stereo disparities from 
the monocular projection of the individual half- 
images. The aim was to examine the influence of 
conflicting stereo and monocular information 
on the judgement of the relative depth of two 
points on the depicted surface. The stimulus 
surface was a 7 x 7 square grid of lines projected 
in perspective, slanted 65” as in Experiment 1, 
and tilted either 45 or 135”. 

To compute the stereogram, the screen coor- 
dinates of the two half-images were first 
projected according to a 0” vergence angle, 
which would have resulted in identical half- 
images, except for the introduction of horizon- 
tal disparities that were either consistent or 
inconsistent with the monocular projections. 
Four cardinal directions were defined on the 
stimulus surface, with north corresponding to 
the monocular direction of tilt (i.e. distance 
increased to the north on the basis of perspec- 
tive). The stereo and monocular information 

were consistent when the stereo disparity gra- 
dient was northward. When the gradient in- 
creased to either the east or west it was orthog- 
onal to the monocular perspective, and when 
to the south the stereogram had effectively 
reversed disparities. The surface at the central 
reference point always had zero disparity. 

Procedure. The four subjects had participated 
earlier in the first experiment. The task was to 
judge whether a given probe point was nearer or 
further than, or at the same depth as a reference 
point located at the center of the surface. The 
probe point was 6” away from the reference 
point in one of the four cardinal directions (Fig. 
6). Both probe and reference points subtended 
10’ and were projected stereoscopically with 
disparities corresponding to points embedded in 
the stereo surface of the grid. There were 5 
repetitions of the 32 stimuli: 2 tilts (45” and 
135”), 4 probe locations (N, S, E, W), and 4 
directions for the disparity gradient, in random 
order. 

Results and discussion 

Table 1 shows the sets of relative depth 
responses for each combination of probe 

Table I. Percentage of judgments that the probe point appeared nearer than (<), equidistant 
(=), or farther than (>) the central reference point. The relative depth predicted on basis of 

stereo disparities is in bold 

Probe location 

Direction of N S E W 
disparity gradient < = > < = > < = > < = > 

North 0 0 loo 100 0 0 25 33 22 18 55 27 
South 3 12 85 92 8 0 8 67 25 22 70 8 
East 0 0 100 100 0 0 33 42 25 18 60 22 
West 0 13 87 87 13 0 18 60 22 22 63 15 
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Fig. 7. The disparity gradient is perpendicular to the apparent monocular gradient of distance. Subjects 
adjusted the monocular “normal” by rotating it in the image plane until it appeared perpendicular to the 

grid in 3D, i.e. to align with the surface normal. 

location and disparity gradient direction. The 
values in boIdface indicate the responses consis- 
tent with the stereo disparities. The first row 
serves as a control, since the direction of the 
stereo and monocular gradients coincided. For 
this case the N and S probe locations show the 
expected depth judgments. The E and W probe 
locations were generally judged equidistant, but 
there were also several “farther than” and 
“nearer than” judgments. The “equidistant” 
judgment turned out to be problematic. Since 
the two half-images were projected in perspec- 
tive, points due east and west of the central 
reference point would have been necessarily 
farther than the reference point simply by the 
perspective projection. We thus carefully com- 
puted the E and W probe locations to be slightly 
south of due east and west so that, monocularly, 
they and the reference point were equidistant 
from the observer. Nonetheless it turned out 
rather difficult to decide whether the E, W, and 
reference points appeared equidistant, even with 
consistent stereo information, and even for 
highly experienced observers. 

When disparity was reversed (Table I, second 
row) there was an overwhelming tendency to 
continue to see the N point as farther, and the 
S point as nearer, that is, according to the 
monocular perspective and contrary to the ste- 
reo disparities. Some “regression to the frontal 
plane”, is apparent, suggesting that subjects 
experienced a reduced impression of depth or 
slant in this case, as Gillam (1968) also found in 
reversed-disparity stereograms. 

The important cases, we believe, concern dis- 
parity gradients orthogonal to the monocular 
distance gradient. Consider, for example, the 
case of the disparity gradient to the west and the 
probe point west of the reference point. The 
probe had positive disparity, and on that basis 
should have been seen as farther, but was not. 
The direction of the disparity gradient had no 

systematic effect on the depth judgments for the 
east and west probe locations. Overall, the 
apparent depth corresponded very closely with 
the monocular perspective, despite the con- 
tradictory stereo information. 

Experiment 3: Surface Orientation Judgments 

The results of Experiment 2 suggested that a 
disparity gradient orthogonal to the perspective 
distance gradient had negligible influence on the 
relative depths of two points on the surface. 
Experiment 3 pursued this result in terms of the 
effect of a competing disparity gradient on 
apparent tilt-see method in (Stevens, 1983a). 
Subjects adjusted a needle to appear perpendic- 
ular to the apparent plane of the grid. If the 
orthogonal disparity gradient had an effect, we 
would expect the needle to lean in the direction 
of the stereo gradient, an effect analogous to the 
vector sum of the monocular and stereo inter- 
pretations. 

Method 

Stimuli. Stereograms were constructed for 
which the stereo information corresponded to a 
surface whose 3D orientation was precisely or- 
thogonal to that depicted monocularly. The 
stimulus surface was a 5 x 5 square grid of lines 
projected in perspective, slanted either 35 or 70’ 
and tilted either 40 or 140”. The disparities 
corresponded to a slanted plane whose tilt was 
2 90” away from the monocular tilt. The mono- 
cular cue implied depth increasing to the north 
while the stereo information implied depth in- 
creasing to either the east or west, depending on 
the polarity of the disparity gradient. 

Procedure. Three subjects were used; all had 
previous experience in the experimental series. A 
grid surface was presented for one second prior 
to superimposing a rotatable line segment that 
had one endpoint fixed at the center of the grid. 
The “needle” was presented monocularly, to the 
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Table 2. Mean surface tilt judgments (and standard devi- 

Slant 

35.0 
35.0 
70.0 
70.0 

ations) with monocular normal 

Disparity gradient Disparity gradient 
Tilt to west to east 

40.0 50.5 (5.3) 49.2 (7.5) 
140.0 142.7 (4.5) 141.2 (4.5) 
40.0 46.8 (2.2) 44.0 (4.0) 

140.0 139.8 (3.5) 138.7 (3.6) 

dominant eye only (see Fig. 7). Subjects stepped 
the needle in tilt by f2.5” increments until it 
pointed in the direction of the surface normal. 
The needle appeared to emerge from the surface 
and to pivot in 3D about the fixed end, despite 
only rotating in the image plane. Unlimited time 
was permitted per trial. Tilt data was recorded 
for 5 trials of each of 8 conditions (four mono- 
cular surface orientations times two directions 
for the stereo disparity gradients). 

Apparent slant was also recorded using a 
stereoscopic needle that could be stepped in 
both slant and tilt. The three subjects were 
presented 5 trials per each of the eight condi- 
tions, as above. 

Results and discussion 

Since the disparity gradient was orthogonal 
to the monocular depth gradient, the apparent 
normal might be expected to lean in the direc- 
tion of the disparity gradient, e.g. to rotate 
counterclockwise (increase numerically) when 
the disparity gradient was to the west, and 
clockwise when the gradient was reversed to the 
east. However, the data exhibited no systematic 
leaning in the direction of the stereo disparity 
gradient (see Table 2). Moreover, the apparent 
tilt was in reasonably close agreement with the 
monocularly predicted tilt. Overall, the appar- 
ent tilt seemed determined only monocularly. 

Similarly, apparent slant was in close accord- 
ance with that predicted by the monocular 
perspective (see Table 3). This is remarkable 
given that the stereo disparity was constant (and 
zero) in that direction. The slant probe was 
adjusted to within one standard deviation of the 
slant suggested by the monocular perspective 
for all conditions. 

Stereo disparity was constant in the direction 
that the monocular cues indicated increasing 
depth, and vice versa. With the two cues orthog- 
onal, if they were somehow summated, one 
would expect the resulting apparent tilt to be 
influenced by the direction of the disparity 
gradient, but no such effect was observed. 
Moreover, apparent slant was in good corre- 

spondence with that predicted by the monocular 
perspective, despite the fact that stereo dis- 
parities were constant in that direction. This 
experiment thus extends the more qualitative 
findings of Experiments 1 and 2. 

Experiment 4: Planar us Nonplanar Stereo 
Disparity Distributions 

In this final experiment we used line grid and 
random dot stereograms of planar and non- 
planar surfaces to explore the importance of 
surface geometry on the simple two-point rela- 
tive depth judgment (as in Experiment 2) in the 
presence and absence of competing monocular 
information. Our strategy was to embed a pair 
of stereo points in various surfaces to see to 
what extent the “context” influenced the appar- 
ent relative depths of these two points. 

Method 

Stimuli. The stimuli were grid stereograms 
(with lines separated by 1.9’) and random dot 
stereograms (Fig. 8). The horizontal disparity 
across the stereogram was a continuous one- 
dimensional function of screen position, corre- 
sponding to either a slanted plane, a Gaussian 
ridge, or a Gaussian-smoothed edge. These “ste- 
reo surfaces” were oriented either horizontally 
(h) or vertically (v). The slanted plane v, for 
example, corresponded to a plane pivoted about 
the vertical meridian, with disparities that var- 
ied from 0’ at the center to f 51.2’ at left and 
right extremes of the field of view (occluded by 
the optical apparatus at 6.4” eccentricity). Simi- 
larly, the Gaussian ridge function induced ste- 
reo disparities from - 37.8’ along the ridge to 0’ 
in the periphery [see the horizontally oriented 
ridges in Fig. 8(a) and (b)]. The ridge protruded 
towards the viewer with half-amplitude at 
L- 1.6” eccentricity. The Gaussian-smoothed 
edge had the same space constant as the ridge. 
It presented a smoothed step transition from 
+ 18.9’ at opposite edges of the field that passed 
through zero along the vertical or horizontal 
meridian [see vertical case in Fig. 8(c) and (d)]. 

Table 3. Mean surface slant judgments (and standard 
deviations) with stereoscopic normal 

Slant 

35.0 
35.0 
70.0 
70.0 

Disparity gradient Disparity gradient 
Tilt to west to east 

40.0 36.5 (2.8) 37.5 (4.2) 
140.0 33.0 (3.6) 38.8 (6.1) 
40.0 68.5 (4.6) 64.7 (8.7) 

140.0 65.0 (7.7) 66.5 (6.6) 
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Procedure. Three subjects from earlier experi- 
ments were used; all had excellent stereo vision. 
The task, as in Experiment 2, was to judge the 
depth of a probe point relative to a central 
reference point. The probe and reference points 
both subtended 10’. The probe was placed at 
2.9” eccentricity either north (above), south, east 
(right of), or west of the reference point. The 
probe and reference points were both on the 
given stereo surface. (For the Gaussian ridge h, 
for example, the reference point had -37.8’ 
disparity. The probe point had 0’ disparity when 
north or south and - 37.9’ when east or west of 
the reference point.) The subject indicated by 
mouse button whether the probe point appeared 
nearer, at the same depth as, or farther than the 
reference point. Free eye movements and un- 
limited observation time were allowed. The grid 
and dot versions of the experiment were run 

\ I i, I I I I I 

I 

separately, each with 5 repetitions of the 24 
conditions (six oriented disparity surfaces times 
four probe locations) in random order 

Results and Discussion 

The relative depths of two stereo points could 
be determined, in principle, directly from their 
corresponding disparities. In a pilot experiment, 
where only the probe and reference points were 
displayed against a black background, their 
relative depth could be judged immediately and 
accurately, in accordance with their relative 
disparities. But when the two stereo points were 
embedded in a stereo surface, we found that the 
depth judgment depended on that surface. We 
conjecture that the depth judgment was medi- 
ated not directly by the relative disparities but 
by the perceived depth of the underlying sur- 
face. And, the perceived depth of the surface is 

A 

Fig. 8(A,B). 
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Fig. 8. Horizontal Gaussian ridges in (A) and (B); vertical Gaussian edges in (C) and (D). 

not strictly determined by the disparity distribu- 
tion 

Table 4 shows the responses for the grid 
stimuli. The values in boldface indicate depth 
judgments consistent with the relative stereo 
disparities. Consider the case of the slanted 
plane h, where disparity increased from south to 

*Several of the relative depth responses were actually op- 
posite that predicted by the stereo disparities. We conjec- 
ture that this was due to illusory linear perspective 
caused by stereo depth constancy emanation. While 
the grid lines were horizontal and vertical in each 
half-image, the fused grid appeared to be trapezoidal 
rather than rectangular, presumably because of apparent 
length was scaled with increasing disparity. The rectan- 
gular grid appeared distorted by linear perspective. The 
slant implied by the perspective, of course, was opposite 
that implied by the disparity gradient. This effect sug- 
gests to us that stereo size constancy operates indepen- 
dently of processes responsible for apparent depth. 

north. The N probe location should have been 
seen as farther, but zero “farther than” judg- 
ments were in fact recorded, and likewise zero 
“nearer than” judgments for the corresponding 
S probe location. * Similar results were obtained 
for slanted plane u. It is remarkable that when 
the dots were embedded in a surface which had 
a constant gradient of disparity the apparent 
relative depth of the probe and reference dots 
collapsed. Points that were readily seen as lying 
at different depths when viewed in isolation 
appeared equidistant when embedded in the 
constant gradient, but seemingly unslanted, 
grid. 

For the nonplanar cases, the edge and ridge, 
the data are in better accordance with the stereo 
information, and generally better for the h than 
the u surfaces. This anisotropy has been re- 
ported earlier by Tyler (1973), Wallach and 
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Table 4. Percentage of responses that the probe point is nearer than ( < 1, or equidistant ( = L 
or farther than i >) the central reference point, as in Table I. The probe and reference points 
were both embedded in a stereo surface. in this case rendered by a square grid (see Fig. 8) The 

relative depth judgment predicted by the relative stereo disparities IS m bold 

Probe location 

Stereo surface N s E W 
and orientation < = > <; .= , < :z > <I -2 > 

Slanted plane Ir 33 67 0 0 73 27 0 100 cl 0 100 0 
Gaussian edge /z 0 0 100 93 0 7 0 100 0 0 100 0 
Gaussian ridge h 0 0 100 0 0 100 0 100 0 0 100 0 

Slanted plane t 27 73 0 093 7 0 80 20 0 100 0 
Gaussian edge r 20 80 0 0 87 13 0 60 40 40 53 7 
Gaussian ridge tl 20 go 0 093 7 0 60 40 0 87 13 

Bacon (1976), and Gillam et al. (1984) in depth 
detection tasks and by Rogers and Graham 
(1983) in the Craik-O’Brien-Cornsweet effect 
for stereopsis. Note that the depth of the Gaus- 
sian edge Y was detected with only slightly better 
success than the slanted plane 2’. 

We conclude that while depth can be encoded 
“directly” from disparity for isolated disparity 
points, when those point are perceived as lying on 
a surface, their depth depends on the perceived 
depth of the surface, which might happen to be 
negligible, either because it is a “featureless” 
field of stereo points in the absence of 
monocular 3D cues, or there are contradictory 
monocular cues. 

The dramatic influence of the monocular grid 
is apparent in comparing the grid data in Table 
4 with the corresponding random dot surface 
data in Table 5. The grid seemingly masked or 
“flattened” the depth undulation indicated by 
the disparity values. Significantly, the depth in 
the slanted plane stimuli, particularly in the t’ 
orientation, remained more difficult to detect 
than in the ridge and edge stimuli, even in the 
absence of a contradictory monocular 3D inter- 
pretation (of an unslanted rectangular grid). 
Ninio and Mizraji (1985) similarly observed that 
structured stereograms are less accurately per- 
ceived in 3D than unstructured (they used recti- 
linear grids as well). We interpret this as due to 

the conflicting monocular interpretation pro- 
vided by the grids beyond the issue of the 
ineffectiveness of planar disparities. 

GENERAL DISCUSSION 

The 3D interpretation in these binocular stim- 
uli was governed largely by the monocular cues. 
This is not to be construed as evidence of simple 
dominance of monocular over stereo cues, 
however. Instead, we believe that these planar 
stimuli happened to be particularly rich in 
monocular 3D cues, especially perspective and 
foreshortening, and particularly poor in stereo 
information due to our relative insensitivity to 
constant disparity gradients in the absence of 
disparity contrast. Stereo depth derives most 
effectively from disparity contrast; when dis- 
parity varies linearly it is dramatically less 
salient, despite large overall variations in dis- 
parity. In the absence of competing monocular 
cues a uniform gradient of disparity does 
effectively yield stereo depth, thus we do not 
conclude that stereopsis is wholly “blind” to 
constant disparity gradients. Rather, we suggest 
that depth interpretation from stereopsis is 
effectively reconciled with that from other 
sources primarily in terms of surface curvature 
and depth discontinuity features, and since our 
stimuli were devoid of these features, the mono- 
cular interpretation dominated. 

Table 5. Relative depth judgments, as in Table 4, but for a surface depicted by a dense random 
dot pattern (see Fig. 8) 

Probe location 

Stereo surface N S E W 
and orientation < = > < = > < = > 4 = > 

Slanted plane h 27 0 73 73 7 20 0 73 21 0 67 33 
Gaussian edge h 7 1380 loo 0 0 0 loo 0 0 93 7 
Gaussian ridge h 0 0 loo 0 0 loo 0 loo 0 0100 0 

Slanted plane t! 40 50 0 06040 0 7 93 53 7 40 
Gaussian edge D 0 100 0 0100 0 0 0 100 loo 0 0 
Gaussian ridge L’ 0 100 0 193 0 0 0 loo 0 0 loo 
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The fact that stereo depth must compete with 
monocular depth even in simple experimental 
stimuli likely accounts for several depth phe- 
nomena reported earlier. Westheimer (1979) 
and McKee (1983) observed that when two 
vertical lines, projected at different disparities, 
are connected by horizontal lines to form a 
square, the threshold for detection of the depth 
difference is greater than when only the two 
vertical lines are presented. McKee (1983) sug- 
gested that the effect was due to the lines being 
connected into a perceptual whole. Mitchison 
and Westheimer (1984), studying variations on 
this configuration, demonstrated that the de- 
tection thresholds were elevated most when the 
disparities varied linearly (according to a 
slanted plane). They use the term “salience” to 
refer to a local weighted sum of disparity first 
differences between a given point and its neigh- 
bors which scales roughly inversely with the 
separation of stereo features. [This notion 
quantifies Gogel and Mershon’s (1977) “adja- 
cency effect”.] Accordingly, local variations in 
salience (i.e. second differences of disparity) 
would reveal deviations from planarity in the 
corresponding surface. A slanted plane would 
present points of equal salience, and con- 
sequently of zero apparent variation in depth. 
Gillam ei al. (1984) observed, in these terms, 
that depth derives most readily from places of 
high “salience”. 

But Mitchison and Westheimer (1984) also 
said that more is involved in the perception of 
depth from disparity, since their proposal can- 
not account for the dramatic extinction of depth 
in the simple case of the slanted square com- 
pared to only the vertical lines of the square. 
McKee (1983) regarded this as a figural con- 
nectivity issue, recall. We believe McKee was 
close to the mark: it is not the connectivity per 
se that is important (as Mitchison and West- 
heimer demonstrated) but the fact that the 
connectivity helped induce a monocular figure, 
a square, that has a compelling 3D inter- 
pretation. The square suggested a plane of zero 
slant, which dictated that the two vertical sides 
of the plane are equidistant from the viewer. 
The following illustrates the dramatic influence 
a monocular interpretation has on the eventual 
depth percept. 

An ellipse, seen from a particular viewpoint, 
foreshortens to a circle in orthographic 
projection--e.g. an ellipse of 2: 1 aspect ratio 
rotated about its minor axis to a slant of 60”, so 
that the major axis foreshortens by a factor of 

0.5 (the cosine of 60’). A 2: 1 rectangle would 
likewise foreshorten to a square. The stereo- 
grams in Fig. 9 depict concentric ellipses (and 
rectangles) lying on a plane of 60” slant. A 
compelling monocular 3D interpretation would 
be of a tunnel or funnel extending in depth from 
periphery to center. Seven subjects, naive to the 
experimental design, interpreted the stereo- 
grams accordingly, with the innermost ‘circle (or 
square) seen as further than the outermost. 
While some observers noted that the outermost 
circle (or square) appeared slightly slanted, the 
apparent slant vanished towards the innermost. 
Apparent depth increased radially towards the 
center of the pattern rather than from right to 
left, despite the fact that the vertical meridian 
was at zero disparity. When the subjects were 
subsequently told that the stimuli corresponded 
to foreshortened ellipses and rectangles lying on 
a slanted plane, some subjects could see the 
slanted plane, while curiously others could not. 

Figure 10 is, we believe, a particularly 
effective demonstration of the monocular 
influence. The lines are coplanar, i.e. increase 
linearly in disparity from left to right. The 3D 
impression, however, is of a corridor extending 
in depth, bordered on either side by columns of 
vertical lines or stakes. In the apparatus the 
innermost lines on either side of the vertical 
meridian had stereo disparities of &- 11’; the 
outermost lines had disparities of &-51’. It is 
remarkable that the line with - 11’ disparity 
appeared more distant than the line of disparity 
+51’. This apparent disregard for stereo dis- 
parity is far more blatant than that reported by 
Mitchison and Westheimer (1984), where 
thresholds were elevated by only a few minutes 
of arc. The difference, we suggest, is that figure 
10 offers a far more compelling monocular 
3D interpretation. But it is also noteworthy 
that experienced stereo observers can also 
discern the true stereo depth of the component 
lines with scrutiny, especially in Fig. 10, as 
if the monocular depth interpretation can be 
selectively disregarded. 

The final observation we offer concerns inter- 
actions between stereopsis and monocular inter- 
pretations in the case where the stereo 
disparities suggest a highly salient curvature 
feature. In Fig. 11 the monocular interpretation 
is of a slanted plane, but the stereo disparities 
correspond to a 20 Gaussian in depth pro- 
truding towards the viewer. Note that the dis- 
parities are symmetrically distributed over the 
two half-images so that the fused “cyclopean” 
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Fig. 9. Coplanar ellipses and rectangles, 2: 1 aspect ratio and slanted 60”, in orthographic stereoscopic 
projection. A compelling monocular interpretation is of tunnels with circular and square cross-section seen 

in perspective. 

Fig. 10. Lines on a common plane slanted 60”, but seen as a corridor in depth, as suggested monocularly. 

image consists of straight lines, suggesting a 
slanted rectangular grid in perspective. We find 
that observers vary considerably in their inter- 
pretation of such a rivalrous figure, some seeing 
only a slanted plane, others seeing a plane at 
first then gradually becoming aware of a phan- 

tom protrusion in the center of the stereogram. 
Others achieve the nonp~anar i~te~retation 
only after studying the random-dot stereogram- 
version of the same Gaussian-shaped feature 
(Fig. 12) then re-examining the grid stereogram. 
Depth appears to be the end consequence of 

Fig. 11. A rivalrous pattern, monocularly a slanted plane, and stereoscopically a 2D Gaussian in depth. 



Stereopsis and depth interpretations 385 

Fig. 12. The random-dot stereogram of the Gaussian in depth in Fig. 11. 

a process that involves substantial “inference” 
or interpretation, that one sees depth according 
to the interpretation of 3D surface shape that 
one imposes. In that regard stereopsis is but 
one source of 3D shape information, and not 
necessarily the compelling one. 

This series of experiments suggests that 
monocular cues have a stronger role in 3D 
perception than perhaps has been assumed. 
Likewise, stereopsis plays a much weaker role in 
the determination of depth across planar sur- 
faces than expected. For very simple stereo- 
grams, an isolated pair of lines or points, say, 
the depth is indeed governed by the stereo 
disparities. But the contribution of stereopsis to 
the 3D percept changes dramati~lly as the 
stereogram is made more complex. With 
sufficient disparity evidence to suggest a con- 
tinuous surface it is the spatial distribution of 
disparities, and not their individual magnitudes, 
that governs the apparent shape and depth. 
Specifically, the spatial distribution is analyzed 
to detect curvature and sharp discontinuities. 
Planar arrangements of disparity are in this 
regard featureless. This conclusion is close to 
that of (Gillam et al., 1984) and (Mitchison and 
Westheimer, 1984) regarding the weak apparent 
depth associated with constant disparity gra- 
dients. In work reported elsewhere (Stevens and 
Brookes, 1988) we further conclude that surface 
curvature and discontinuity features are the 
primitive surface descriptors with which the 
visual system integrates stereo information with 
that contributed from monocular sources. In 
terms of spatial derivatives, we propose that the 
effective stereo features correspond to places 
where the second spatial derivatives are non- 

zero. The corollary is that neither the gradient 
(first spatial derivatives) nor the zeroeth deriva- 
tives (the raw disparity values themselves) are 
accessible as local surface shape descriptors. 
That is, neither slant nor relative depth is extrac- 
ted directly from the disparity distribution 
across a surface. But, we must emphasize, rela- 
tive depth is extracted from simple discon- 
tinuous configurations, such as between dis- 
crete, isolated items and across edges. And 
binocular vision undeniably provides absolute 
range information as well, particularly from 
convergence angle (Ritter, 1979) and in conjunc- 
tion with motion parallax (Johansson, 1973). 
But we propose that range perception, which is 
most accurate in the near field (up to 2 m) under 
conditions of precise stereoscopic fixation, sub- 
serves motor functions such as locomotion and 
manipulation and not the perception of surface 
relief or 3D shape. 
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