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Patent stereopsis with diplopia
in random-dot stereograms

A. L. DUWAER
Department ofBiological and Medical Physics, Erasmus University Rotterdam

Rotterdam, The Netherlands

Fusional limits for an RD (random-dot) stereogram with overall horizontal retinal disparity
due to the temporalward pulling of its two constituent RD patterns beyond the divergence
limits of the eyes have been determined by using an afterimage method. Two criteria for fu
sion were used, viz, the perception of single local RD elements and the perception of stereo
scopic depth in the "hidden" square of side 1.38 deg with B-mln relative horizontal disparity.
The diplopia thresholds were found to be in the range of 0.16-0.3 deg, and hence do not exceed
the "classical" upper limit of about 0.3 deg, which has been reported for elementary line stereo
grams. The stereoscopic limits were found to be in the range of 0.6-1.3 deg, which is compat
ible with the precision of patent stereopsis from double images which has been reported for
elementary line stereograms. The results of the present third lookat the experiments performed
by Fender and Julesz (1967) suggest that there are no special neuronal processes raising the
fusional limits for RD stereograms above those for elementary line stereograms. Previous
claims that such special neuronal processes may occur seem to be based on an evaluation of
fusional limits obtained with different criteria for fusion. It is further argued that the major
hysteresis effect that has been observed for fusional limits for RD stereograms should not be
ascribed to a raising of the classical size of the diplopia threshold due to special neuronal pro
cesses initiated by RD stereograms, but to a lowering of the classical limits of patent stereop
sis from double images due to the increased difficulty of solving the correspondence problem
in RD stereograms.

443

In a classical paper, Ogle (1952) described the
various percepts that occur when the horizontal
disparity between the half-images on the retinas of
a simple line stimulus is increased. First the amount
of stereoscopic depth relative to the fixation target
(without horizontal disparity) increases. Then dip
lopia occurs while depth can still be perceived. The
disparity at which diplopia begins is usually called
the diplopia threshold, while the disparity region
determined by the diplopia thresholds at positive
and negative disparities is known under the name
of Panum's area. The "classical" upper limit of
the diplopia threshold for horizontal disparity in
elementary line stimuli under normal viewing con
ditions (without stabilizing the images on the ret
inas), including conditions with slow disparity in
crease, amounts to about 0.3 deg in the fovea (Duwaer
& Van den Brink, 1981a).1 When the disparity is
increased beyond the diplopia threshold, the relative
depth increases further until it deteriorates strongly
at a disparity level that is usually far above the dip
lopia threshold. The validity of stereoscopic depth
perception from double images has been demon-
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strated by, for example, Blakemore (1970), Ogle
(1952, 1953, 1955), Reading (1970), and Westheimer
and Tanzman (1956).

In 1967, Fender and Julesz published a paper
which repudiated Ogle's classical paper in contem
porary theorizing about stereopsis and binocular
fusion. Fender and Julesz claim that slowly increas
ing the overall (uncrossed) horizontal disparity on
the retinas between the half-images (which were
stabilized on the retinas) of a foveally presented
random-dot (RD) stereogram (consisting of a sur
round and a "hidden" square with a relative crossed
horizontal disparity of 8 min) causes the "fused"
percept of a single RD pattern with a square float
ing in front of the surround to be disrupted and
diplopia to occur at a disparity (amounting to 2 deg)
that is an order of magnitude larger than the diplo
pia thresholds reported thus far for elementary line
stimuli. Fender and Julesz, and many others (e.g.,
Nelson, 1975), interpret this effect as entailing a
major extension of Panum's fusional area by special
neuronal processes that are activated only when
the horizontal disparity in a complex stimulus is
slowly increased.

However, an alternative interpretation to be tested
in this paper is that these large fusional limits are
not the enlarged disparity limits at which diplopia
starts, but indicators of the much higher disparity
values at which the perception of stereoscopic rel-
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ative depth disappears. This would imply that it
was not necessary to assume that special neuronal
processes might raise the diplopia thresholds in com
plex stimuli, and that the occurrence of diplopia
was overlooked by previous investigators. The lat
ter would not be surprising, since diplopia tends
to be masked in RD patterns. A diplopic RD pat
tern is, at first sight, just a plain RD pattern with
an inconspicuously different internal configuration
in which binocular rivalry appears to be stabilized,
perhaps because of the stereoscopic depth (cf. Ogle
& Wakefield, 1967). Moreover, Fender and Julesz
(1967) explicitly state that the individual dots of
their RD stereogram were just at or below the limit
of resolution under their experimental conditions,
which involved binocular stabilization, while Diner
(1978, p. 90) reports that Fender and Julesz did not
pay much attention to binocular rivalry, and Crone
and Hardjowijoto (l979)-who confirmed Fender
and Julesz's findings for a nonstabilized RD stereo
gram, of which the angular dimensions were a fac
tor of 10 larger-state that their subjects were in
structed to avoid conscious recognition of individual
dots in the RD stereogram by continuously varying
direction of gaze. Now, continuous variation of
direction of gaze is known to increase the stability
of the percept of stereoscopic depth from double
images in elementary line stimuli (Linschoten, 1956;
Ogle, 1952;Reading, 1970).

The above alternative interpretation of the large
fusional limits for RD stereograms would imply
that it should be possible to perceive stereoscopic
depth. in these stereograms while the individual dots
are perceived in diplopia due to overall horizontal
retinal disparity. A priori, this would not be sur
prising, since Marlowe (1969, referred to in Julesz,
1971) has shown that stereoscopic depth can be per
ceived in random-line stereograms, even though,
due to cyclodisparities of up to at least 15 deg, the
lines are seen in diplopia.

We tested the above alternative interpretation
of the results obtained by Fender and Julesz (1967)
by determining fusional limits for the RD stereo
gram used by them with two criteria for fusion: the
perception of single (local) elements (in particular
the elements at which the subject directs his/her
gaze) and the perception of stereoscopic depth in
the "hidden" figure. Our alternative interpretation
would have to be rejected if the fusional limits cor
responding to the singleness criterion were much
larger than the classical upper limit of 0.3 deg, if
the fusional limits obtained with the stereoscopic
depth criterion were not predictable from the data
on the precision of stereoscopic depth perception
from double images of line stimuli reported by
Blakemore (1970), Ogle (1953), and Reading (1970),
and/or if the fusional limits obtained with the two
criteria for fusion did not differ.

In the present study, overall uncrossed horizontal
disparity was not induced on the retinas via binoc
ular image stabilization (as done by Fender & Julesz,
1967), but by pulling the images temporalward be
yond the divergence limits of the eyes (as suggested
by Fender & Julesz, 1967). The amount of retinal
disparity at the fusional limit was determined by
a straightforward afterimage method, which has
the three major advantages that it is very easy to
apply, that it requires no attachments to the eyes,
and that it requires no additional visual stimuli or
tasks during the measurements of fusional limits
that might interfere with visual performance, such
as the use of dichoptic nonius lines and the need
to assess their relative positions in the subjective
nonius-line method (Duwaer, 1982a, 1982b). By
not stabilizing the images on the retinas, we avoided
the complications associated with this type of stim
ulation, most notably the occurrence of fading of
perceived images (Diner, 1978; Ditchburn, 1973).

For the sake of clarity, we wish to emphasize that
there is a major difference between (1) the present
experiment and Fender and Julesz's (1967),· and
(2) recent studies on the maximum disparity that
can elicit depth perception (e.g., Richards, 1977;
Tyler and Julesz, 1980). In the latter studies, the
amount of horizontal disparity in the hidden figure
relative to its surround is varied. This provides data
on the ability to discern a depth difference between
the hidden figure with a large horizontal disparity
and the surround without horizontal disparity. The
former studies vary the amount of overall horizontal
disparity in both hidden figure and surround with
a fixed relative disparity, amounting to 8 min, be
tween hidden figure and surround. This provides
data on the ability to resolve this disparity differ
ence of 8 min on the basis of a depth difference
between hidden figure and surround when both are
presented at large horizontal disparities. Both types
of measurements require that stereoscopic depth
can be elicited at large horizontal disparities. How
ever, the measurements with varying overall dis
parity and fixed relative disparity require in addi
tion that the amount of this stereoscopic depth varies
when the disparity varies.

METHOD

Stimulus
The fusional limits were determined for a binocular pair of

random-dot patterns, as described by Julesz (1971). The en
tire pattern (see Figure 1) subtended 3.43 deg in the visual field.
It consisted of a 100 x 100 array of square-shaped picture ele
ments subtending a little over 2 min each, together with a "hid
den" square of side 83 min with a crossed relative horizontal
disparity of 8 min. When the stereogram was fused, the hidden
square was seen in front of the surround. The patterns were
presented as copies on transparent film in front of a practically
homogeneously illuminated background. Each pattern was at
tached to a beam splitter, which combined the pattern optically



Figure 1. Tbe RD stereogram used in tbe present stndy.

with a black mask containing a circular hole, of diameter 6 min,
which was given the same perceived location as the 6-min square
(defined on three sides by a white border) in the upper right
hand corner of the hidden square in the stereogram. An after
image at the position of the above 6-min square, which will be
called the "fixation square" from now on, could be imprinted
on the retinas with the aid of a photographic flash (duration
10 msec, 6 log units above perception threshold) behind the
circular hole. Each pattern with beam splitter and masked flash
light was positioned on a holder (see Figure 2). The two holders
could be moved simultaneously equal distances in opposite direc
tions by rotating a knob at the end of a rod with a counterclock
wise screw-thread through one holder on one half and a clock
wise screw-thread through the other holder on the other half.
The patterns were presented at a distance of 50 em from the
subject's eyes. Their "initial separation" was that at which the
patterns could be fused with parallel visual axes. The patterns
were also presented at optical infinity with the aid of appro
priate lenses in front of the subject's eyes. The separation be
tween the patterns was always larger than or equal to the ini
tial separation defined above. There was no noticeable blur due
to the accommodation-convergence coupling and no notice
able change in apparent size. The mean luminance of the per
ceived patterns amounted to 33 cd/m".

Procedure
The subject was positioned in the experimental apparatus

and his or her head was immobilized with a bite bar. The sub
ject was then given the optical correction necessary for optimum
visual acuity, and instructed to try to fuse the two monoc
ular patterns with the eye muscles relaxed. When "he" correctly
reported seeing a square in front of the surround, indicating
that fusion had been achieved, he was instructed to shorten the

RD RD

s
Figure 2. Experimental apparatus. F = fIasbllgbt, RD = RD

pattern, M = mask witb bole, K, and K. = knobs to adjust tbe
lateral separation between the two RD patterus, BS = beam
splitter, B = background fIeld, S = separation screen.
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time necessary for fusion to a few seconds by repeatedly dis
rupting the fusion by closing the eyes or by looking away from
the RD stereogram. He then slowly increased the separation be
tween the RD patterns until two patterns were seen. The sep
aration was then decreased to the initial value (at which the visual
axes of the two eyes have to be parallel for fusion). When fusion
had been reestablished and the two vertical dichoptic nonius
lines above the stereogram-which were physically aligned with
the surround of the hidden square in the stereogram-were per
ceptually aligned to within about 5 min, the separation between
the patterns was increased again. This sequence was repeated
for at least half an hour, until the subject was familiar with the
perceptual changes in the appearance of the fixation square and
in the stereoscopic depth due to temporalward pulling of the pat
terns. All subjects stated that the perception of depth disappeared
when the separation became too large. Except for two subjects,
who were found to suppress the image in one of the eyes, they
also stated that this disappearance of depth was preceded by
doubling of the fixation square. The subject was then informed
of his task, namely to collect data on the onset of doubling of
the fixation square and the onset of a percept without depth,
and was finally familiarized with the actual measuring procedure.

Each determination of a fusional limit started with adjust
ment of the separation between the RD patterns to their initial
value. When the hidden square was seen with the appropriate
stereoscopic depth, and the two dichoptic nonius lines were
aligned to within about 5 min, the subject increased the sep
aration between the patterns until the mean relative position
of the nonius lines started to change as a result of the pulling.
This indicated that the separation was no longer fully compen
sated for by divergent vergence eye movements, so that retinal
disparity started to arise. The subject then switched his gaze to
the fixation square, that is, to a fixation position similar to that
used by Fender and Julesz (l967). The separation was then slowly
increased (at a rate of about 2 min/sec) until the criterion for
loss of fusion (doubling of fixation square or no stereoscopic
depth) was reached. It should be remembered that the fixation
square is located at the upper right corner of the hidden square
so that both criteria are likely to be based on percepts primarily
in the fovea. The subject then looked at a portion of the RD
pattern 15 min below the fixation square and actuated the two
photographic flashes by pressing a button, thus imprinting an
afterimage of the location of the fixation square in each eye
(see Figure 3A). It should be noticed that this fixation square
stimulates disparate retinal locations in the two eyes, since it
is displaced to the left for the left eye and to the right for the
right eye with respect to the corresponding points in the foveolas
(fl and fr , see Figure 3A) of the two eyes. The subject then quickly
reduced the separation between the RD patterns to the initial
value and waited at least 10 sec until fusion was regained, the
nonius lines had approximately their initial relative position, and
the pair of afterimages had faded to invisibility. The subject
then looked at the fixation square and actuated the two photo
graphic flashes, giving, in both eyes, a second afterimage at
the position of the f1Xlltion square (see Figure 38). This second
pair of afterimages will approximately mark the corresponding
points in the foveolas (fl and fr , see Figure 38) of the two eyes.
In order to regenerate the first pair of afterimages and to in
crease the time during which the afterimages were visible
(Magnussen & Tjorjussen, 1974), the subject then looked at a
TV screen (dimensions, 7.4 x 4.9 deg; mean luminance level,
19 cd/m-; fixation distance, 200 em), the luminance of which
was sinusoidally modulated with a frequency of 2.7 Hz and a
depth of 100"0. In order to obtain a measure for the disparity
of the fixation square during imprinting of the fITst pair of
afterimages, the subject was asked to estimate the horizontal
displacement (x) of the center of the first afterimage (the
upper and initially dimmer one) with respect to the center of
the second afterimage, with reference to a scale provided by
horizontal and vertical scale units of 15 min depicted on the TV
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Figure 3. Principles involved in the afterimage methods. The
visual axis of the left and right eye (indicated by f. and fr, re
spedively) and the positions of the fixation square (indicated
by open circles) are schematically represented for the conditions
that the RD patterns are pulled temporalward (A) and that the
RD patterns are at their initial separation (8). The solid dots
in C represent the afterimages imprinted under condition A
(upper dots) and condition B (lower dots).· The coordinates xt
and X. are estimated by the subject. The discrepancy (x. - xt)
is a measure for the horizontal disparity induced by the tem
poralward pulling of the RD patterns.

Data Analysis
Since the afterimages provide retinal landmarks showing the di

r':Ctionof the visual axis during imprinting (Ditchburn, 1973), the
discrepancy(x,- xt> between the coordinates in the two eyesis a mea
sure of the retinal disparity introduced by the temporalward pulling
of the RD patterns. Note that (xr-xt> = Ixrl + IxIi in Figure 3.

It should be noted that, because of the possible occurrence
of a nonzero fixation disparity during imprinting of the after
images at the initial separation (see the subsection entitled "Mean
horizontal fixation disparity during fusion of unpulled RD stereo
gram" in Results and Discussion below), this induced retinal
disparity, as measured by our afterimage method, may differ
from the actual retinal disparity during observation of tem
poralward pulled RD patterns. However, the perceived relative
positions of the two dichoptic nonius lines above the stereogram
indicated that this fixation disparity was less than 0.1 deg in
all subjects tested.

RESULTS AND DISCUSSION

Raw data obtained from one of the subjects
(R.R.) are presented in Figure 4A (assessment of
fusional limits) and Figure 4B (assessment of cal
ibration factor). The calibration factor, a, was de
termined by fitting the relation "estimated disparity"
= 11a X "physical disparity" to the experimental
points and the mirror images of these points in the
third quadrant (the points -x, -y) by linear regres
sion; this strategem ensures that the regression line
passes through the origin. The longer broken line
in Figure 4C indicates this regression line. For Sub
jects R.R. and R.S., a separate calibration factor
was calculated and used for disparities smaller than
3 scale units, since the data points indicated a sys
tematic larger overestimation in this range. The cor
responding regression line is indicated in Figure 4B
by the shorter broken line.

Subjects
The experiments were started with 10 subjects, aged 19 to 40

years. One of the subjects was rejected since he was unable to
perceive stereoscopic depth in the RD stereogram. The data
obtained from a second subject were discarded when the cal
ibration measurements showed that she had misunderstood the
afterimage method. The present study is thus based on data
obtained from 8 subjects (7 males and I female, J.S.), all of
whom had normal stereopsis (better than I min, according to
the TNO random-dot test) and normal monocular Landolt-C
visual acuities (better than I). Subjects A.L.D., P.B., and R.S.
were corrected for myopia (with -0.75, -2.25, and -2.0 D,
respectively), and Subjects R.R. and J .S. for hypermetropia
(with +2.0 D and +0.75 D, respectively). Subjects C.J.D., B.W.,
and B.F. were emmetropic. Various tests in which the eyes were
covered alternately with and without temporalward pulled images
showed conclusively that two subjects (B.W. and B.F.) exhibited
a "suppression effect"; that is, they tended to suppress the image
in one of the eyes as soon as corresponding retinal locations
received stimuli with dissimilar contours-they saw the image in
only one eye, with the other eye merely contributing to the per
cept by generating stereoscopic depth. This is a known percep
tual phenomenon. It may also be observed when subjects with
out this suppression effect look at an RD stereogram with one
of the monocular patterns blurred (see, e.g., Figure 3.10-3 in
Julesz,1971).

Subject C.J.K. had an eccentric fixation point (0.5 deg nasal
ward in the visual field) for the right eye. This was discovered
by getting the subject to look through a mask with a small,
l-mm-diam hole rotating in a 3.5-mm-diam circle place about
1.5 em in front of his eye (cf. Drysdale, 1975), thereby visualiz
ing, for this subject, both the fixation target in a luminous sur
round and his retinal blood vessels.

Means and standard deviations of the discrepancies (x, - Xl)·
were determined in scale units and converted to minutes of arc
using the results of the calibration measurements which indi
cated that the functional relation between the estimated dis
crepancy (d, = x. - Xl) between the coordinates in the two eyes
and the physical discrepancy (~h) could be represented by the
relation d, = ~h/a, in which the calibration factor a was found
to vary between 0.76 and 0.94 (apparently independent of the
optical corrections applied), revealing systematic overestimation
of the coordinates (cf. Duwaer, 1982a). This overestimation
was corrected for each subject separately with the aid of the
relation: I scale unit = a X IS min of arc (a being determined
individually for each subject).

c8

o
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A

o

screen (see Figure 3C). The horizontal displacement (x) is de
fined to be positive when the first afterimage is displaced to
the right with respect to the second afterimage, and negative
when the first afterimage is displaced to the left. The estimation
of x was done for the left eye by closing the right one (giving
xl) and for the right eye by closing the left one (giving x.), The
subject piotted, on graph paper, the coordinates thus observed
(Xl and x.), He was advised to increase the accuracy of the
estimation as much as possible by using all the available time
(about I min) and by looking at the afterimages alternately
with the left and right eyes. It was mentioned that it was quite
normal to find different coordinates for the two eyes, or in suc
cessive trials, and that the subject's only concern should be an
accurate and objective estimation of what he actually perceived.
The diameter of the afterimages amounted to about 0.4 scale
units (6 min of arc) during the estimation of the coordinates.

When the afterimages had finally faded to invisibility against
the temporally modulated background provided by the TV screen,
thenext trial was started. Trials with the singleness/doubleness
criterion, trials with the depth criterion, and trials in which the
subject did not increase the separation between the RD patterns
at all were alternated until 12 pairs of coordinates were obtained
for each of the three conditions.

In a subsequent series of experiments, the accuracy and valid
ity of the estimates of the coordinates of the afterimages were
checked under the same experimental conditions by imprinting
afterimages with known physical coordinates and using masks
with two holes for each eye. The coordinates were chosen so as
to mimic the coordinates estimated during the actual measure
ments.

To perform the experiments, it took the subject two sessions of
about 4 h each with several rest periods included in each session.
The two sessionswere performed on different days.
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in Figure 5: Figure 5B shows the data obtained using
the singleness/doubleness criterion, and Figure 5C
shows those obtained using the stereoscopic depth
criterion. Figure 5A depicts the data obtained when
the RD patterns were not pulled at all. The mean
induced horizontal disparity should then be zero;
this was actually found to be the case within the
experimental accuracy. Various characteristics of
the test subjects or experimental runs are indicated
by raised numbers as follows: (1) well-practiced
subject (the author), (2) practiced subject with ec
centric right-eye fixation and anomalous correspon
dence, (3) subject with a tendency to suppress the
image in the left eye, (4) subject with a tendency
to suppress the image in the right eye, (5) stereo
scopic limit obtained with rigid fixation of gaze,
(6) fusional limit obtained using disappearance of
all cues pointing to the "hidden" square as criterion
for disruption of fusion, (7) simultaneous disruption
of stereoscopic depth and suppression of image in
left eye at outer boundary of RD pattern, and (8) sup
pression of image in left eye disrupted at outer bound
ary of RD pattern at 58.1 ± 8.5 min.

Various aspects of the data will now be discussed
in detail.

Diplopia Thresholds for the RD Stereogram
The onset of diplopia in subjects with normal

binocular single vision without a suppression effect
was found to occur at mean induced horizontal dis
parities of 9-20 min. This indicates that the diplopia
thresholds certainly do not exceed classical limits
reported for simple line stimuli (Duwaer &
Van den Brink, 1981a). It is interesting to note that
the diplopia thresholds for the RD stereogram do
not exceed the diplopia thresholds for even a binoc
ularly stabilized bar (amounting to 0.4 deg), as re
ported by Diner (1978).

Although the possibility of depth and diplopia
coexisting in RD stereograms was explicitly denied
on theoretical grounds by Nelson (1975), those of
our subjects without a suppression effect reported
that they could see stereoscopic depth at and beyond
the onset of diplopia.

The two subjects with the tendency to suppress
the image in one of the eyes were found to see dou
bling of the image at the left and right outer bound
aries of the RD stereogram for mean induced hori
zontal disparities larger than 47-58 min.
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The calibration factors thus obtained amounted
to 0.94 for Subject A.L.D., 0.83 for C.J.K., 0.94
for P.B., O.H2 and 0.76 «3 scale units) for R.R.,
0.92 and 0.79 « 3 scale units) for R.S., 0.93 for
B.W., and 0.85 for B.F. The data, converted to
minutes of arc for all eight subjects, are presented
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Figure 4. Raw data from determination of fusional limits
(A) and of calibration factor (8). Each dot represents the hori·
zontal disparity estimated from one pair of afterimages. The
heights of the bars in A represent mean values of the estimated
horizontal disparity. The broken lines determine the calibration
factor a (see text). The data were obtained from Subject R.R.
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Figure S. Mean (circles) and standard deviations (50s) Oength
of vertical bars through circles = 2 50s) of the induced hori
zontal disparities as estimated from 12 pairs of afterimages ob
tained without pulling (A), with temporalward pulling and the
singleness/doubleness criterion (B), and with temporalward
pulling and the stereoscopic depth criterion (C). The data are
plotted in minutes of arc for the eight different subjects (in
dicated by their initials). Various special features are indicated
by raised numbers, which are explained in the text.

Stereoscopic Limits for the RD Stereogram
Stereoscopic depth was found to disappear at

mean induced overall horizontal disparities that
were "typically" 2946 min with extreme values of
16-19and 80 min.

The extreme value of 80 min was obtained from
a subject who found it difficult to determine when
stereoscopic depth disappeared because the hidden
square remained visible even when there seemed
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Comparison of Figures 6A and 6B suggests that
one of the characteristics of global observation in
the "no-pulling" condition is that the direction of
gaze is extremely inaccurate and restricted only by
the borders of the hidden square, while ocular align
ment is as accurate as it is for local observation.

Figure 6. (A) ll,Y coordinates (see text) of afterimages im
printed during "global" observation (see text), relative to the
afterimages imprinted during fiution on the fillation square.
(8) ll,Y coordinates of afterimages imprinted during fillation
on a prescribed element of the RD pattern (at ll,Y = -17.5 min,
36 min), relative to the afterimages imprinted during fillation
on the fiution square. In the left-hand part of A and B, coor
dinates are given for the left eye (open circles) and the right eye
(sond circles). In the right-hand part of A and B, the discrep
ancies between these coordinates are plotted (sond circles). The
positions of the fiution square (black square at 0,0) and the
hidden square (large square drawn with broken nne) are also
shown in A and B.

Compatibility of Stereoscopic Limits for RD
Stereograms and the Precision of Stereoscopic
Depth Perception from Double Images of
Elementary Line Stimuli

The percepts Observed at the stereoscopic limit
for the RD stereogram were similar to those de
scribed by Ogle (1952, 1953) at the limit of patent
stereopsis for elementary line stimuli in which depth
is perceived from double images. This suggests that
we are dealing with the same perceptual phenom
enon. If so, there should also be a quantitative agree
ment between the stereoscopic limits for the RD
stereogram and "the" precision of stereoscopic
depth from diplopic images of elementary line stim
uli in the fovea. To our knowledge, only Blakemore
(1970), Ogle (1953), and Reading (1970) have pre
sented data that can be used for a prediction of the
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to be no depth due to a "restless" appearance and
percepts resembling those in binocular rivalry. This
subject reported that he had used a more lenient
criterion for this reason, namely the disappearance
of all cues pointing to the hidden square. The low
stereoscopic limits of 16-19 min were obtained for
two subjects in special experimental runs in which
they had tried fixing their gaze as rigidly as possible
on the fixation square. Such rigid fixation of gaze
is known to interfere with the perception of stereo
scopic depth (Linschoten, 1956; Ogle, 1952), so it
is not surprising that the stereoscopic limits are lower
under these conditions.

The typical values of 29-46 min were obtained
while the subjects were looking "globally" at the
RD stereogram by primarily paying attention to
the stereoscopic depth in the hidden square and not
looking consciously at the individual elements of
the RD pattern. When the subjects who did not
tend to the above-mentioned suppression effect
switched their attention to these individual elements,
in particular to the easily recognizable fixation
square, above the diplopia threshold, this square
was perceived as being double. At or just below
the stereoscopic limits, this could only be done for
a short time, because continued conscious local ob
servation made the eyes gradually return from their
divergent position (of 4-11 deg) to a more parallel
setting so that stereopsis could not be regained.

A noteworthy finding is that the stereoscopic
limits for the two subjects with suppression are com
parable with those in subjects with normal binocular
single. vision. This again suggests that stereoscopic
depth and what precisely is seen in depth may be
processed fairly independently of one another in
the central nervous system.

The above-mentioned "global" observation was
studied in greater detail in one of the subjects be
cause this subject (R.R.) reported that he could
maintain motor fusion only when he violated the
instruction that he should look at the upper right
hand corner of the hidden square during the deter
mination of the stereoscopic limits. Where he did
look can be approximately inferred from Figure 6A,
which gives the coordinates of afterimages imprinted
during global observation with reference to after
images imprinted during "local" observation of
the fixation square. The fixation square and the
hidden square are drawn to scale at the appropri
ate positions. Since the coordinates are plotted (with
inverted polarity) relative to the center of the fix
ation square, the various points in the figure repre
sent approximate successive directions of gaze within
the stereogram. Figure 6B shows the coordinates
of afterimages imprinted when the subject is direct
ing his gaze to a certain prescribed element in the
RD pattern (with x,y coordinates of -17.5, -36 min).



stereoscopic limits. We wish to stress that these data
were obtained under stimulus condition that differed
from those used in the present study. Consequently,
conclusions drawn from using these data for a pre
diction of stereoscopic limits for the RO stereogram
can be only suggestive. The reader should, however,
bear in mind that Fender and Julesz (1967, p. 820)
also used Ogle's data base with regard to the fusion
of elementary line stimuli in order to arrive at their
conclusion that there were special neuronal pro
cesses that might raise the fusional limits for hori
zontal disparity in RO stereograms above those for
elementary line stereograms.

Blakemore (1970), Ogle (1953), and Reading
(1970) determined the frequency of seeing a test
line in front of a reference line in a two-alternative
forced choice procedure, when seeing the test line
behind the reference line was the second alternative,
as a function of the disparity difference between
the two laterally separated (Ogle, 1953; Reading,
1970) or vertically separated (Blakemore, 1970) ver
tical lines with the mean horizontal disparity as
parameter. These data were used to construct psy
chometric curves, the underlying standard deviation
(SO) (Ogle, 1953; Reading, 1970) or the 0.677 SO
value (Blakemore, 1970) of which was specified.
A I-SO criterion and a 0.677-S0 criterion corre
spond to a large amount (16070 and 25%, respec
tively, in the case of a Gaussian distribution) of
false-positive classifications. Subjects tend to use
more lenient criteria in a classification procedure
corresponding to a much smaller amount of false
positive classifications (typically much smaller than
5%). In fact, the "threshold" in a classification
procedure was found to be a factor of 2-3 larger than
this SO (Ouwaer & Van den Brink, 1981a, 1981b);
we took the value of 2.5 SO for our further con
siderations. It is noteworthy that this choice is not
very critical, since the value of SO increases rapidly
with increasing mean horizontal disparity in the
relevant range. When this threshold is to determine
the disappearance of relative depth in the hidden
square of the RO stereogram, it should be equal
to 8 min, which is the relative disparity in the hid
den square. Figure 7 shows the disparities at which
2.5 SO equals 8 min, according to the data of
Blakemore, Ogle, and Reading. The expected range
on the basis of Blakemore's (1970, Figures 5 and 6)
data is indicated by the shaded area marked with
"I." These data were obtained with O.I-sec pre
sentations of two vertical lines above each other
at 0 deg eccentricity. The expected range on the basis
of Ogle's (1953, Figure 3) data is indicated by the
shaded area marked with "2." These data were ob
tained with 0.2-sec presentations (in which most
spatial thresholds reach their asymptotic value for
continuous presentation) of the two vertical lines on
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Figure 7. Comparison of stereoscopic limits obtained in the
present study (circles with vertical bars of length 2 50s, see Fig
ure SC) and the expected range of the stereoscopic 6mits (shaded
areas) on the basis of Blakemore's data (1970, "I"), Ogle's
data (1953, "2") and Reading's data (1970, "3") about the
perception of relative depth between diplopic images (see text).

opposite sides of the fixation point at l-deg eccen
tricity (which is about equal to the mean eccentric
ity at which the relative disparity is determined
in the RO stereogram). The shaded area marked
with "3" indicates the expected range on the basis
of Reading's (1970; Figure 3) data obtained with
repeated O.OI-sec presentations of the two vertical
lines on opposite sides on the fixation point at 1.8
deg eccentricity.

Comparison of the expected ranges for the stereo
scopic limits and the stereoscopic limits actually
measured (indicated in Figure 7 by the data points)
shows that there does not seem to be a real discrep
ancy between the predicted and measured stereo
scopic limits. Had there been special neuronal pro
cesses raising fusional limits for complex stimuli
during slow disparity increase, as suggested by
Fender and Julesz (1967), the fusional limits ac
tually measured should have been much larger than
the predicted ones (1) because of the much larger
complexity of the RO stereogram, and (2) because
horizontal disparity was slowly increased in the RO
stereogram and not in the line stereograms used by
Blakemore (1970), Ogle (1953), and Reading (1970).

The lack of discrepancy between the measured
stereoscopic limits and those predicted on the basis
of data available in the literature on the precision
of stereoscopic depth from diplopic images of ele
mentary stimuli thus suggests once more that there
are no essential differences in the neuronal pro
cessing of horizontal retinal disparity in RO stereo
grams and in elementary line stereograms: Both
types of stereograms seem to be capable of ini
tiating neuronal processes that can bridge horizon
tal retinal disparities of up to at least 1 deg, lead
ing to stereoscopic percepts (but not to singleness
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of binocular vision}. The above-mentioned lack
of discrepancy also supports the hypothesis that
the stereoscopic limits for RD stereograms obtained
with slow disparity increase are determined by the
limited precision of stereoscopic depth perception
from diplopic local images.

Comparison with the Fusional Limits
Reported by Fender and Julesz (1967) and
Tyler and Julesz (1980)

Even the stereoscopic limits we obtained during
the slow temporalward pulling of the RD patterns
were much smaller (by a factor of 1.5-4) than the
fusional limits reported by Fender and Julesz (1967)
for the same RD patterns with binocular stabiliza
tion. The reason for this discrepancy is not imme
diately apparent. The results obtained by Diner
(1978) suggest that this discrepancy is not neces
sarily due to the stabilization of the stimulus on
the retinas. Diner repeated Fender and Julesz's de
termination of fusional limits for binocularly sta
bilized bars and, like us, found values that were
much smaller (by a factor of 3) than those of Fender
and Julesz. Contrary to Fender and Julesz (1967) ,
Diner (1978), by applying subatmospheric pressure,
made sure that the contact lenses used for the image
stabilization did not slip across the corneas, and
Diner (1978) paid much attention to the perceptual
criterion for singlenessof binocular vision (see Intro
duction).

An interesting finding is that our stereoscopic
limits are comparable to the values of 35-43 min
reported by Tyler and Julesz (1980) for the relative
disparity between surround and hidden figure
with the same area as the hidden figure used in the
present study-at which stereoscopic depth disap
pears. However, the latter values were obtained with
presentation times of 48 msec, which is shorter than
the 0.2 sec at which most spatial thresholds reach
their asymptotic value for continuous presentation
(which is what was used in the present study).
Lehmkuhle and Fox (1980) found an improved depth
perception in RD stereograms for higher presenta
tion times-in the range of 68 to 160 msec. Such
an improved depth perception is likely to be asso
ciated with a larger disparity limit. This suggests
that Tyler and Julesz (1980) would have found larger
disparity limits had they used a longer presenta
tion time. Their disparity limits would then have
been larger than the stereoscopic limits found in
the present study, which is to be expected given the
fact that Tyler and Julesz (1980) determined the
disparity limits of stereopsis with a less demanding
perceptual criterion (see Introduction). 2

Hysteresis in the Fusional Limits
for RD Stereograms

Fender and Julesz (1967) reported a new hystere
sis phenomenon in stereopsis which was particularly

impressive in the RD stereograms: the disparity
limits for the breakaway of fusion are much larger
(by a factor of up to 20) than the disparities at which
refusion occurs. Fender and Julesz (1967) ascribed
this hysteresis to the occurrence of special neuronal
processes that raise the diplopia thresholds once
fusion is established. However, the good agreement
between the stereoscopic limits for an RD stereo
gram found in the present study and the limits of
patent stereopsis for elementary line stimuli suggests
quite a different interpretation of the hysteresis phe
nomenon, namely that the presence of so many dots
in an RD stereogram hinders the spontaneous devel
opment of patent stereopsis from double images that
may be observed in elementary line stereograms, as it
becomes much more difficult for the visual system to
establish which elements in the stereogram corre
spond to each other. As a result, the neuronal pro
cesses underlying patent stereopsis are not initiated,
or are initiated much less adequately, so that the
fusional limits are lowered. When the visual system
is allowed to solve this correspondence problem
in the much less demanding situation of near-zero
overall disparity, patent stereopsis can become oper
ative so that the fusional limits are no longer arti
ficiallylowered.

It is noteworthy that there are indications in the
literature that patent stereopsis can become operative
in RD stereograms not only by slowly increasing
the disparity, but also by flashing the stereogram
with a fixed disparity (Lehmkuhle & Fox, 1980;
Tyler & Julesz, 1980). This extends Ogle's finding
of superior stereoscopic processing of tachistoscop
ically presented line stereograms (Ogle, 1970).

Accuracy of Horizontal Ocular Alignment
on the Unpulled RD Stereogram

Our results also throw light on the important and
closelyrelated question of the accuracy of horizontal
ocular alignment on an RD stereogram under natural
viewing conditions, when the disparity is well within
the limits of motor fusion. This accuracy determines
the range of horizontal fixation disparities that is
being tolerated sensorially when the subject perceives
a single fused RD pattern. Fender and Julesz (1967)
claim that the ocular alignment is comparatively
inaccurate (SD = 7-8 min), which supports their find
ing of comparatively high limits for the breakaway
of fusion.

We estimated the accuracy of horizontal ocular
alignment on the RD stereogram from the spread
of the induced horizontal disparity observed with
out temporalward pulling. This spread is determined
by two independent samples of the distribution of
ocular alignment (with variance a2

oa)-obtained
with two successively imprinted afterimages in each
eye-and a sample of the distribution of the ac
curacy of the psychophysical assessment of the co
ordinates (with variance a2

ee) . The variance of the



distribution of induced horizontal disparities 02id

may, therefore, be written 02id = 202
0a + 02co' So,

00a = V02id - 02co/V2 < Oid/VT: The upper limits
of the standard deviation 00a of the ocular align
ment for our test subjects are presented in Figure 8.
It may be seen that we found these upper limits to
vary between 0.7 and 2.1 min in subjects with nor
mal binocular single vision. These values agree with
those reported earlier for elementary line stimuli
(Duwaer, 1982a, 1982b; Duwaer & Van den Brink,
1981b; Riggs & Niehl, 1960), indicating that the
diplopia thresholds for RD patterns need not be
larger than those for elementary line stimuli.

The ocular alignment was found to be remark
ably inaccurate in one of our subjects, who had
a tendency to suppression of the image in one eye.
This is not surprising, since ocular alignment does
not need to be accurate because of the absence of
image doubling up to fixation disparities of 40 min.
Nevertheless, the other subject manifesting this sup
pression effect did have accurate ocular alignment.
This may indicate that the suppression. effect does
not necessarily occur at the input of the vergence
system controlling the horizontal fusional eye move
ments.

Mean Horizontal Fixation Disparity
During Fusion of Unpulled RD Stereograms

It should be noted that the above-mentioned state
ments about the accuracy of ocular alignment con
cern the spread of ocular alignment around a mean
value and not the mean value itself. The occurrence
of a systematic error in this mean value, that is, of
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Figure 8. Upper Umits of the SD of the distribution of ocular
alignment in the horizontal direction for subjects manifesting
a suppression effect (open circles) and for subjects without such
a suppression effect (soUdcircles).
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a mean fixation disparity, was studied, using the
afterimage method, in three subjects, A.L.D., R.R.,
and C.J.K., the last mentioned of whom has ec
centric right-eye fixation. To this end, we imprinted
an afterimage in the left eye during monocular ob
servation of an RD element 13.2 min below the cen
ter of the fixation square with this eye, another after
image in the right eye during monocular observa
tion of the same RD element with the right eye,
and a second afterimage in both eyes during bin
ocular observation of the center of the fixation
square; we then asked the subject to estimate the
coordinates of the afterimage imprinted during
monocular observation with reference to that im
printed during binocular observation for each eye
separately. The coordinates thus obtained are plotted
with open circles in Figure 9 for the three subjects
tested. The coordinates of the RD element which
is observed monocularly is indicated by "+." The
mean values of the coordinates (represented by as
terisks) suggest (Hebbard, 1962) that Subject A.L.D.
looks behind the fixation square during binocular
observation, with an equivalent underconvergence
of -4.8 min. This agrees well with the horizontal
fixation disparity of -5.2 min estimated with dichop
tic nonius lines. The coordinates obtained from
Subject R.R. similarly suggest that this subject looks
in front of the fixation square during binocular ob
servation with an equivalent overconvergence of
+2.6 min, which agrees with the horizontal fixation
disparity of + 2.3 min measured with dichoptic
nonius lines.

A totally different situation was found in Subject
C.J.K., who has eccentric right-eye fixation. The
measured coordinates indicate a horizontal dispar
ity of -13.4 min between binocular and monocular
fixation here, while the dichoptic nonius lines indi
cate a horizontal fixation disparity of -0.8 min.
This subject has apparently developed anomalous
binocular correspondence in which the egocentric
localization of the images in both eyes has been
changed with respect to the monocular egocentric
localizations (cf. Crone, 1973). It is noteworthy
that the correspondence anomaly of Subject C.J.K.
has not affected the accuracy of ocular alignment
(SD < 1.4 min) or the limit of divergent motor fu
sion (11 deg).

Since the mean fixation disparity estimated by
the afterimage method can apparently not be inter
preted in the same way for all subjects, the data on
fusional limits presented above have not been cor
rected for nonzero mean fixation disparity at the
initial separation.

Rigidity of Binocular Correspondence During
Fusion of Temporalward Pulled RD Stereogram

According to contemporary theories about ste
reopsis (e.g., Nelson, 1975, 1977), binocular cor-
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Figure 9. x,y coordinates (open circles) of afterimages imprinted during monocular fixation of an RD element, the physical
coordinates of which are represented by "+," relative to afterimages imprinted during binocular fixation of the fixation square.
The asterisk represents the mean values of the coordinates. (A) is for Subject A.L.D., (8) is for Subject R.R., and (C) is for
Subject C.J.D. (who has eccentric right-eye fixation).

respondence should change under the influence of
fusional stress induced by the fusion occurring (as
evidenced by the perception of stereoscopic depth)
when the RD pattern is pulled temporalward. The

latter was studied in three subjects in an experiment
with vertical dichoptic nonius lines (made of 3-min
wide black tape stuck on the patterns) positioned
one above the other, with the line in the right-eye



pattern displaced farther to the left with respect to
the fixation square than the line in the left-eye pat
tern, resulting in a horizontal disparity between the
nonius lines. The subject slowly increased the sep
aration between the RD patterns until the dichop
tic nonius lines-the perceived relative position of
which varied continuously-could be seen in line.
The subject tried to actuate the flashes at the mo
ment of alignment-which caused afterimages to
be imprinted on the retinas of both eyes-and then
estimated the relative horizontal displacement of
the centers of the two imprinted afterimages while
looking at the TV screen with both eyes open. This
binocular viewing condition involves very little fu
sional stress, certainly much less than in the previous
condition with temporalward-pulled RD patterns.
In spite of this, the horizontal disparity between
the afterimages thus obser-ved did not differ from
the horizontal disparity between the nonius lines,
which corresponded to the observed horizontal dis
parity under conditions of heavy fusional stress.
It amounted to 24 min (SD = 2 min) fornonius lines
with 25-min horizontal disparity in Subject A.L.D.,
23 min (SD = 2.5 min) for nonius lines with 23-min
horizontal disparity in Subject R.R., and 27 min
(SD=3.5 min) for nonius lines with 27-min hori
zontal disparity in Subject C.J.K. (who has anom
alous binocular correspondence). This finding of
rigid binocular correspondence agrees with similar
findings by Flom and Eskridge (1968), who showed
that the binocular correspondence in subjects with
normal binocular vision remains fixed to within the
visual resolving power when the viewing distance
changes between 10 em and 6 m. We would like to
stress that the finding of rigid binocular correspon
dence defies the predictions of contemporary theories
about stereopsis (e.g., Nelson, 1975, 1977).

Conclusions
The diplopia thresholds for an RD stereogram

were found to be consistently smaller than the clas
sical upper limit (of about 0.3 deg) reported for
elementary line stimuli.

The stereoscopic limits for an RD stereogram
were found to be in the range 0.5-1.3 deg, which
is compatible with the limits reported for patent
stereopsis from diplopic images in elementary line
stereograms.

The accuracy of ocular alignment on an RD stereo
gram (if the two eyes are parallel) was found to be
comparable to previously reported data on the
accuracy of ocular alignment on elementary line
stimuli.

The present results defy various predictions of
several contemporary theories about stereopsis
(models of Julesz, 1971, and Nelson, 1975, 1977).

The overall results suggest that there are no spe-
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cial neuronal processes that may raise the fusional
limits for RD stereograms above those for elemen
tary line stereograms. Previous claims that such spe
cial neuronal processes had been found seem to be
due to the use of different criteria for fusion for
RD stereograms and for elementary line stereograms.

The large hysteresis effect that has been observed
for the fusional limits of RD stereograms should
be ascribed not to a raising of the classical diplo
pia threshold due to special neuronal processes ini
tiated by RD stereograms, but to a lowering of the
classical limits of patent stereopsis from double
images due to the increased difficulty of solving
the correspondence problem in RD stereograms.

The results provide evidence for the hypothesis
that the neuronal pathways underlying stereopsis
and singleness of binocular vision bifurcate into
two fairly independent branches.
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NOTE

I. The foveal diplopia thresholds for 30-min vertical lines
(width 1.2 min) for which the horizontal disparity slowly in
creases (with a rate of 0.4 min/sec) were found to amount to
3.8-7.9 min for Subject A.L.D. and 5.8-16.4 min for Subject
C.J.0., depending on the criterion used for diplopia.

The corresponding thresholds for slow disparity decrease
were 3.9-7.5 min for Subject A.L.D. and 6.3-13.8 min for Sub
ject C.J.D. Previously published data were mean values of the
thresholds obtained with slow disparity increase and slow dis
parity decrease (cf. Duwaer & Van den Brink, 1981a).

2. Tyler and Julesz (1980) did find higher disparity limits for
RD stereograms when they used a hidden figure with a larger
area. Larger areas result in higher eccentricities of stimulation,
for which the fusional limits are known to be larger (Ogle, 1952)
and for which stereoscopic depth discrimination at large dispar
ities is better (Blakemore, 1970; Ogle, 1953). Consequently,
the disparity has to be increased further in order to remove all
subthreshold stimulation (cf. Tyler & Julesz, 1980, p. 198). All
comparisons between fusional limits in the present study are based
on data obtained with similar maximum eccentricities of stimula
tion and similar stimulus dimensions.
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