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To determine the physical size and global three-dimensional (3-D) shape of an object, retinal size
and retinal disparity have to be scaled in accordance with the object’s distance. We examined
whether the distance used for scaling retinal disparity is the same as the distance used for scaling
retinal size. Subjects adjusted the 3-D shape (size and depth) of a computer-simulated ellipsoid to
match a tennis ball. Analysis of the errors when only the ellipsoid was visible in an otherwise
completely dark room suggests that the distance used for scaling retinal disparity is indeed the same
as that used for scaling retinal size. This was confirmed by showing that the correspondence
between the distance used for scaling retinal disparity and that used for scaling retinal size does not
improve when more information about distance is available (room lights on), although both
distances are then much closer to the simulated distance. Finally, we show that this correspondence
is not due to the use of distance-invariant higher order binocular information. @ 1997 Elsevier
Science Ltd. All rights reserved.
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INTRODUCTION

An important aspect of vision is to reconstruct three-
dimensional (3-D) objects from the flat images on our
retinas. If the object’s distance is known, the retinal
image size and the retinal disparitiesprovide information
about physical size and depth,which can be combined to
give a 3-D shape. As long as the estimate of distance is
correct, the perceived shapeof the object shouldnot vary
systematically with distance (shape constancy). How-
ever, if a wrong estimate of distance is used, the
perceived 3-D shape will not be veridical.

The most evident distortions of perceived 3-D shape
were found in limited-cueenvironments(Johnston,1991;
Tittle et al., 1995).Johnston(1991)suggestedthat retinal
disparitieswere being scaled by a different distance than
the actual distance, the latter being specified by the
accommodation and ocular vergence required to fixate
the target. Glennerster et al. (1993, 1994) proposed that
failure of shape constancy in Johnston’s (1991) experi-
ment was at least partly due to the limited-cue
environment. They showed that a rich environment (or
a more naturalistic viewing condition) improved shape
constancy considerably. Systematic distortions of per-
ceived distance have, however, also been reported for
full-cue conditions (Wagner, 1985), so shape may not
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onlybe misperceivedin laboratorysituationswith limited
cues.

In previous studies on 3-D shape, little attention has
been paid to the object’s size. Retinal size provides
information about physical size if the distance of the
object is known. Conversely, knowing the object’s
physical size can help one to judge its distance
(Sedgwick, 1986).

The fact that retinal size and retinaldisparityhave to be
scaledwith distancebefore they can be interpretedas size
and depth raises the question whether size-scaling and
depth-scalinguse a common estimate of distance (Colett
et al., 1991; Rogers & Bradshaw, 1995a). This is
examined in the present study.

EXPERIMENT1

Design andprocedure

We used a matching task in which subjects were
instructed to set the size and 3-D shape of a computer-
simulated ellipsoid to match a familiar object: a tennis
ball (radius=33 mm). They were asked to make the
appearance of the simulated ball correspond to that of a
tennis ball they held in their hand. The real tennis ball
served as a visible and haptic example before the
experimental session. During the experimental session,
the room was completely darkened and the tennis ball
was held in one hand below the table surface, so it only
served as a haptic reference.

Subjects could manipulate the size and 3-D shape of
757
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the simulated ellipsoid by moving the computer mouse:
horizontal mouse movements simultaneously changed
the width and heightof the simulatedellipsoid(whichwe
will refer to as its size) and vertical mouse movements
changed the disparities of the texture elements on the
simulatedellipsoid’ssurface(whichwe will refer to as its
depth). When subjects were satisfiedwith their settings,
they pressed the mouse button, whereupon the settings
were stored and a new trial began. Subjects did not
receive any feedback on their performance.

Each subject made 50 settings, with the simulated
ellipsoid at random simulated distancesbetween 40 and
80 cm (this small distance range was chosen to avoid
strong conflictswith accommodation,which was always
suitablefor an object at 60 cm). At the beginningof each
trial, the simulatedellipsoidhad a random simulatedsize
(frontoparallel radius between 1 and 70 mm, which
results in an angular extent between 0.07 and 9.9 deg,
depending on the simulated distance) and a random
simulateddepth (radius along the line of sightbetween 1
and 150mm).

Stimuli and apparatus

The stimuluswas a red computer-simulatedellipsoid,
speckled with approximately 1000 small black random
lines (Fig. 1).The lineswere randomlydistributedon the
surface of the ellipsoidwith random orientations.As the
lines were distributeduniformly over the surface of the
ellipsoid, the texture and density gradients changed
according to the set depth of the ellipsoid. Removal of
these monocular cues would create a conflict between
depth cues, which we preferred to avoid. Beside the
random lines, the characteristic tennis ball curve was
drawn along the surfaceof the ellipsoid,with the “ball”in
a random orientation.

The images were generated on a Silicon Graphics
GTX-21O Computer and displayed on a HL69SG
monitor.The size of the screen was 34.0x 27.0 cm with
1280x 492 pixels (width x height). Hardware anti-alias-
ing techniques increased the effective resolution (inter-
mediate colours were computed for the eight
neighboring pixels of each pixel in a line).

The imagesfor the left and righteyeswere presentedin
perspective projection and were displayed in alternation
at a rate of 120 Hz (thus, each pair of images was
displayed at 60 Hz). The images were viewed through
LCD shutter spectacles which were synchronised with
the monitor to ensure that each eye received the
appropriate images. Red stimuli were used because the
LCD shutter spectacles work best at long wavelengths
(about 33% transmission when “open” and 0.3% when
“shut”). Subjects sat with their head in a chin-rest at
60 cm from the screen.

Subjects

Initially,nine subjects,all membersof the department,
took part in the experiments. They all had normal or
corrected to normal (monocular and binocular) vision.

FIGURE 1. Illustration of the stimulus used in Experiments 1 and 2.
rhe outlines of the real images on the screen were not circular, but
were calculated properly, taking the solid shape of the simulated object

and the viewing angle of the left and right eyes into account.

Two of them are the authors (WD and EB). The others
were naive as to the purpose of the experiment.

The resultsof three of the subjectswere not includedin
further analysisbecause they did not appear to be using
the disparitiesto make their settings.These subjectsoften
set the depth of the simulated ellipsoid to the smallest
possiblevalue in our computer simulation(1 mm), while
reporting that the simulated ellipsoid was spherical.
Although these subjects had normal binocular vision,
they were possibly confused by other cues in the
stimulus. None of the remaining six subjects ever set
the depth to this smallest possible value. None of the
subjects ever reported that they were unable to find a
setting that correspondedto that of a tennis ball.

Analysis

Once the subjects had made their settings, we
determinedthreemeasuresof distance:vergence-distance
d. (the distancethat correspondsto the angle between the
two lines of sight. It can also be called the “actual”
distance or “simulated” distance); size-distance d, (the
distanceat which the set retinal sizewould be appropriate
for a tennis ball); and disparity-distanced~(the distance
at which the set retinal disparitywould be appropriatefor
a tennisball). Figure 2 illustratesthese distances.

We discussthe results in terms of these three distances
d,, d, and d~. For a tennis ball with radius R, we can
derive expressionsfor d, and dd in terms of the set size
RXYthe set depth R=of the simulated ellipsoid and the
simulated distance d.. Note that Rw, R=and d“ are the
simulated rather than the perceived size, depth and
distance.

The size-distanced. is the distance at which the tennis
ball would have to be for its retinal image to match the
size set by the observer:

ds = ;dv
XY

(1)

Similarly, the disparity-distancedd is the distance at
which the set disparitya would be that of a tennisball. In
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FIGURE 2. Size-distance d,, disparity-distance d~ and simulated distance d, and their relation to the set size Rxy, the set depth
R=,and the actual size of a tennis ball R. The disparity-distance d~is the distance at which a real tennis ball would give the same
disparity u as the ellipsoid set by the observer at distance d,. The size-distanced, is the distance at which a real tennis ball would

give the same retinal image size as the ellipsoid set by the observer at distance d..

that case, we have:

‘=arctan(+)-arctanf=-)
‘arctan($)-arctantw‘2)

where 2h is the inter-ocular distance. From this expres-
sion dd can be derived:

Results

Figure 3(a,b,c) shows the results for one subject (MZ)
in terms of the three possible combinationsof the three
distances. The solid line with slope 1 represents perfect
correspondence: if a data point is on this line, the two
distances are the same. Figure 3(d,e,f) shows the results
for a second subject (ST).

Figure 3(a) showsd, as a function of dv. It is clear that
ds and d, do not correspond very well. Instead, ds only
increases slightly when d, is increased. In other words,
the size set by this subject does not reflect a correct
scaling of retinal size with simulated distance.

Figure 3(b) showsd~as a functionof dv.There is more
scatter than in the previous figure, but the same
systematic deviation from perfect correspondence can
be seen. Evidently, disparity is not scaled by a veridical
measure of distance either, despite suggestions in the
literature of extra-ocular information about the orienta-

tion of the two eyes—i.e., the vergence-distance dv—
influencing the neural analysis of retinal disparities
(Trotter et aZ.,1992).

Finally,Fig. 3(c) showsd~as a functionof ds.There is
still a considerableamountof variation,but the deviation
from perfect correspondence appears to be smaller and
less systematic than for the other comparisons.

Qualitativelysimilarresultswere obtainedfor the other
subjects, although there were large quantitative differ-
ences [see Fig. 3(d,e,f)]. Clearly, the “deviation from
perfect correspondence” has to be quantified before
any conclusion is justified. For each point, the absolute
value of the separationfrom the ideal line was taken as a
measure of how well the two distances correspond [see
Fig. 3(b) for an illustration].The distribution of separ-
ations was not symmetrical, because ds and dd do not
depend linearly on the set size and set depth. In such
cases, the median of the separationsis a suitablemeasure
of the level of discrepancy between the two distances
being compared. If the median is zero, we have an ideal
setting and the lowest level of discrepancy(highest level
of correspondence)betweenthe two distances.The larger
the median, the higher the level of discrepancy.

The levelsof discrepancyfor each subject and for each
combinationof distances(dsvs d,, ddvs d. and ddvs dJ
are shown in Fig. 4.

As can be seen from Fig. 4, for all subjects the
discrepancylevel was much smaller for the combination
d~,dsthan it was for the othercombinations(d~,d, andds,
d.). This was confirmedwith paired t-testswhich showed
that the level of discrepancy did not differ significantly
between the combinationsd,, dv and dd, d. (f’= 0.94),
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FIGURE 3. Settings of size and depth for two subjects (MZ and ST),
expressed as size-distance d,, disparity-distance d~ and vergence or
simulated distance dv. The solid line represents perfect correspondence
between the two measures. In Fig. 3(b), 6 denotes the separation of one
data point from the solid line. We used the median of the absolute
values of such separations as an overall measure of the level of

discrepancy of the two distances that were being compared.

but did differ significantly between d,, dv and d~, d,
(I’ = 0.02), and between dd,dv and d,, d, (P < 0.01).

A large level of discrepancyfor d,, d, and dd,dv could
indicate that the simulated distance dv hardly influences
the perceived size and depth.However, it could also arise
from systematicunder or overestimationof the distance.
We thereforedeterminedthe linear fit to the d,, d. andthe
d~,dv settings.Figure 9 shows the slopes of these fits for
all the experiments. The regression analysis of the data
gave an average slope (over subjects)of 0.32 for both d,,
d. and d~,dv. The averagevalue of d, was 47 cm and that
of dd 48 cm. The average simulated distance (d,) was

60 cm. Thus, variations in the simulated distance were
underestimated and the ellipsoid was seen closer than it
was.

The main finding is that the level of correspondence
between size-distance and disparity-distance was sig-
nificantly higher than for the other distance combina-
tions. In other words, it is likely that the distanceused to
scale retinal image size is the same as the distanceused to
scale disparity.

Uncertainty concerning the size of the real tennis ball
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tesults of Experiment 1. This figure shows the level of

discrepancy for each subject for the three p&sible combinations of
vergence-distance, size-distance and disparity-distance. Room lights

are off.

will always lead to some variation. For example, a 10’%
error in assumedball size leads to errors of about 60 mm
in d~and 30 mm in dd. Considering this source of error,
and limitations of the accuracy with which the subjects
can set the desired size and disparity, the variability in,
for example,Fig. 3(c) is not too surprising.However, this
variability could also be due to different measures of
distancebeing used, but the measuresbeing similarunder
such limited-cueconditions.

EXPERIMENT2

Glennerster et al. (1994) showed that the use of a
limited-cueenvironment(such as was used by Johnston,
1991and in Experiment1) leads to poor shapeconstancy.
Limited information about the target’s distance could
accountfor the variations in the simulateddistancebeing
underestimated in Experiment 1. The better correspon-
dence between size-distance and disparity-distance
suggests that the same measure of distance was used
(although it was often incorrect) to scale retinal size and
retinal disparity.

In the second experimentwe increased the information
about distance by turning the room lights on. With the
room lights on, additional objects such as the monitor
become visible. Such objects’ distances can be deter-
mined from a variety of sources (includingfamiliar size).
The distance of the simulated ellipsoid could be
estimated in relation to such objects on the basis of
relativedisparity.Thus, turningon the room lightsshould
improve the correspondencebetween the simulated and
the perceivedsize and depth.We expect the size-distance
and disparity-distance to be closer to the simulated
distance, and thus the discrepancybetween d, and d, and
between dd and dv to become smaller. Does this change
the correspondence between the size-distance and the
disparity-distance?If a singleestimateof distanceis used
to scaledisparityand size, the correspondencebetween d,
and dd should not improve (discrepancy should not
decrease). If separate estimates of distance are used,
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FIGURE 5. Settings of size and depth for subjects MZ and ST in
Experiment 2. Format as in Fig. 3. Room lights are on.

bringing each estimate closer to the simulated distance
should lead to a higher correspondence (discrepancy
should decrease) when the room lights are on. To
examine whether the correspondencebetween ds and dd
changes we repeated Experiment 1 (with the same
procedure, task, subjects and stimuli), but now with the
room lights on. Although the room was no longer
completely dark, the real tennis ball could not be seen
during the experiment because it was held under the
table.

Results

Figure 5 shows the results for subjects MZ and ST in
the same format as in Fig. 3. Figure 6 shows the level of
discrepancy in the same format as in Fig. 4. The only
difference between the experiments was that the room
lights were on.

As expected, the levels of discrepancy for the
combinations ds, dv and dd, d. are much smaller than
they were when the experimentwas conductedin the dark
(on average,62 and 53% of the previousvalues;P = 0.03
and P <0.01, respectively; see Fig. 4). The distances
used for scaling retinal size and retinal disparity are
closer to the simulated distance because there is more
information about distance available when the room
lightsare on. The averageslope(over subjects)of d. vs d.
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FIGURE 6. Results of Experiment 2. This figure shows the level f
discrepancy for each subject for the three possible combinations of
vergence-distance, size-distance and disparity-distance. Room lights

are on.

increasedfrom 0.32 to 0.78 and that of ddvs dv increased
from 0.32 to 0.77 when the room lights were turned on
(see Fig. 9). The averagevalue of d, increasedfrom 47 to
54 cm and that of ddincreasedfrom 48 to 57 cm, which is
in both cases closer to the average simulated distance of
60 cm.

The level of discrepancy of the d~, d, combination in
the “lightson” conditionwas not smaller than that in the
“darkness” condition. In fact, we found an average
increase of 33’%,but the increase was not statistically
significant(P = 0.19).

The level of correspondencebetween size-distanceand
disparity-distancedid not improve, although each on its
own got closer to the simulateddistance.This is what one
expectsif the same distanceis used for scalingretinal size
and retinal disparity.

EXPERIMENT3

In Experiments 1 and 2, the subjects set the size and
depth of the simulated ellipsoid so that its 3-D shape
matched a tennis ball. We assumed that the subjects
performed this task by scaling disparitiesand retinal size
by some measure of distance.The results of Experiments
1 and 2 showedthat the same distance is used for scaling
retinal disparity and retinal size.

Rogers and Cagenello (1989) suggested that local
surface curvature could be determinedby a measure that
does not depend on the viewing distance. This measure,
the second order spatial derivative of the disparity field
(which they called disparity curvature) could be used to
estimate local curvature without the risk of scaling
disparities with a wrong estimate of distance. Brookes
and Stevens (1989) also suggested that second order
spatial derivatives may serve as surface curvature
measures, which could be used in the reconstruction of
continuous3-D surfaces.

Using distance-independentmeasures for reconstruct-
ing 3-D shape would bypass distortions in perceived
distance, and could result in a higher degree of shape
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constancy under some conditions(see below). However,
shape must then be recovered from local curvaturerather
than from global depth and width. This is not simple:
even for a ball, local measures of curvature may depend
on the position on the surface (equal disparity curvature
does not imply equal intrinsic curvature) and must
dependon the size of theball (a largerball is less curved).
Howard and Rogers (1995) point out that some measure
of distance is required to determine global shape from
local surfacecurvaturemeasures,no matterwhat order of
disparity is used for determining these local curvature
measures. In our task, however, observers could have
used a priori knowledge of the disparity curvature of a
certainpart of the real tennisball (for instancethe apex of
the visible surface). The correspondencebetween d, and
ddin Experiments1 and 2 could be the result of matching
the disparity curvature of the chosen part of the
simulation to the known disparity curvature of the
correspondingpart of a tennis ball. For our example of
using the centre of the visible surface, settingtoo large an
ellipsoid (d, < dv)has to be compensatedfor by making

the ellipsoid more elongated (dd< d,) if the local
curvature is to be maintained. This could lead to the
covariationof d. and ddthat was obtainedin Experiments
1 and 2. We therefore repeated the previousexperiments
with a stimulus that eliminates the possibility of using
higher order disparity information for the estimatim of
local curvature.

Stimulus
In this experiment a different stimuluswas used. The

new stimulus was a simulation of a smooth red solid
ellipsoid with a single small black spot on its surface
(Fig. 7).

Such a stimulus contains one measure of relative
disparity (the disparity of the spot relative to the outline
of the ellipsoid). Derivatives of this disparity field are,
therefore, ill defined,but the relative depth of the spot is
well defined.Within each trial, the simulated size of the
spotwas kept constant,so that the retinal size varied with
the depthof the spotrelativeto the disk.Before each trial,
the simulated radius of the spot (the spot-size)was set at
random from values between 0.66 and 1.33mm. This
prevents the spot’s size relative to that of the disk from
acting as a monocularcue for the shape of the simulated
object (but could account for some additionalvariability
if a constant dot size is assumed;Sedgwick, 1986).Note
that the shape of the simulated object was not uniquely
defined.However,because the width and the depth of the
simulated object were well defined, subjects were, in
principle, able to perform the task. None of the subjects
reported any difficultiesin perceiving a 3-D shape in the
simulation. Also note that this stimulus avoids the
monocular (texture and density) cues that were present
in the former experiments.

Procedure

Subjectswere instructed to adjust the size and the 3-D
shape of the simulated object to match the tennis ball.

FIGIJRE 7. Illustration of the stimulus used in Experiment 3.

Some subjectsreported that they imagined that they were
placing the black spot, that was floatingin depth,onto the
surface of a sphere instead of deforming an object with a
black spot attached to it. Both strategies should lead to
the same performance. If subjects used higher order
derivativesof the disparity field to set the correct shape,
then they should perform worse with the new stimulus
than in the previousexperiments.Conversely, if subjects
can perform the task as well with the new stimulus, we
could conclude that they do not use higher order
derivativesof the disparity field to determine 3-D shape,
but indeedscale disparitywith somemeasure of distance.

Except for the above-mentioned change in stimulus,
this experiment was identical to the previous two
experiments. Each subject made 100 settings of size
and depth,50 in completedarknessand 50 with the room
lights on. The same subjects that took part in Experiment
1 and 2 also acted as subjects in this experiment.

Results

The results of Experiment 3 are shown in Figs 8(a)
(darkness)and 8(b) (lightson). Each part shows the level
of discrepancyfor the three distance combinations.

As can be seen from a comparison of Figs 8(a) (the
“darkness” condition) and 4, the level of discrepancy is
similar for a “single spot” stimulus and for the “random
lines” stimulusof Experiment 1. There is a tendency for
the level of discrepancyto be smaller in the “single spot”
stimulus,but only one of the differenceswas significant
(d,, d.: P = 0.03).

With the room lights on [Fig. 8(b)], one subject (ST)
had difficulty interpreting the stimulus. His level of
discrepancyfor two of the three comparisonsis very high.
For all other subjects, the levels of discrepancy for the
“single spot” stimulus were similar to those for the
“random lines” stimulus (none of the differences were
significant).

Figure 8(a) shows that, in the dark, the level of
discrepancy is lower for the combination dd, d. than for
the two other combinations(ds,d. vs dd,d,: P = 0.31; d,,
d. vs dd, d,: P = 0.03 and d~, d. vs dd, d,: P = 0.08).
When the room lightswere on, the levels of discrepancy
decreased, as was to be expected, for all but the
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in Experiments 1 and 2, but now with the “single spot” stimulus. (a)

Room lights off; (b) Room lights on.

combinationdd, d,. For the latter combination,the level
of discrepancy stays the same (except for that of subject
ST, for whom it increased).

Figure 9 shows that the influence of the simulated
distanceon d. and ddagain gets largerwhen the lightsare

turned on: the slopesget closer to 1. With the room lights
off, the variation in simulated distance dv was under-
estimated. The underestimationwas comparable to that
found in Experiment 1. The average value of d, was
48 cm and that of dd51 cm. Thus, again the ellipsoidwas
seen closer than it was, very much as in Experiment 1.
When the lights were turned on, the average values
increasedto 57 and 66 cm, respectively,which is, in both
cases, closer to the average simulated distance.

In summary, when we compare the results from
Experiments 1 and 2 with those of Experiment 3, we
findthat the levelsof discrepancywere more or less equal
for a stimuluswith a single spot (Fig. 8) and for one with
randomlines (Figs 4 and 6). Moreover, in both cases, the
size-distance and the disparity-distancecame closer to
the simulated distancewhen the room lights were turned
on, but the level of discrepancyfor the combinationsize-
distance, disparity-distanceremained the same.

GENERALDISCUSSION

The results of the present experiments confirm earlier
reports describing a systematic distortion in the percep-
tion of three-dimensionalshapefrom binocularstereopsis
under reduced cue conditions (Johnston, 1991). The
results of Experiment 1 show that, if we assume that
retinal size and retinal disparity are each scaled by some
distance, they are probably scaled by the same distance.
This was confirmedby the resultsof Experiment2: when
the settingswere performed with the room lights on, the
size-distanceand the disparity-distancewere both closer
to the simulated distance, but the level of discrepancy
between size-distance and disparity-distance did not
change, and was still always lower than the level of
discrepancy between any other distance combination.
This is what one would expect if both size and depth
settings were based on the same estimate of distance.
These results are in line with preliminary results reported
by Rogersand Bradshaw(1995b)who also conclude that
retinal size and disparityare scaled by the same distance.
They found similar magnitudes of distance scaling for

1.0i

1 T
H lights off

❑ lights on

dd,dv
-.v

ds,dv dd,dv ds,dv dd,dv ds,dv

exp 1 exp 2 exp 3

FIGURE 9. Average slopes (over six subjects; with standard errors) from linear regression analyses of the distance combinations
d,, d, and d~,d,. The average intercepts were 28 cm (Experiment 1); 10 cm (Experiment 2); 27cm (Experiment 3, lights off) and

13 cm (Experiment 3, lights on).
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size, depth and shape in experimentswith a much larger
range of simulated distances.

Experiment3 showed that matching3-D shape using a
single spot results in comparable performance to
matching 3-D shape with a stimulus containing a rich
disparity field (the textured ellipsoid). A rich disparity
field provides informationabout local 3-D curvature that
could be used to improve the perception of global 3-D
shape. In our experiments, the additional presence of
such information does not lead to a more veridical
perception of global shape. Performance is almost the
same for both types of stimuli, which suggests that the
same strategy is followed in both cases; i.e., that higher
order derivativesare not used to improve the perception
of 3-D shape.

For a stimuluswith a single spot, the only meaningful
strategyis to estimatedepth by scaling the single relative
disparity with distance. It is, therefore, reasonable to
concludethat the perceptionof 3-D shape in the presence
of a well defined disparity field is accomplished by
scaling retinal disparity and retinal size by the same
estimateof distance, and that using disparitycurvatureor
other distance-independentmeasures for local surface
curvature does not improve the reconstruction of 3-D
shape.
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