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Assessing stereomotion thresholds with
a high-resolution computer monitor

P.SERVOS, L. A. SYMONS, W. SCHMIDT, and M. A. GOODALE
University of Western Ontario, London, Ontario, Canada

We investigated the feasibility of a computer-graphics-based method of assessing stereomotion
thresholds (Silicon Graphics Stereoview stereoscopic system), Stereomotion thresholds for a rectan
gle oscillating in depth were determined with the use of a dual randomly interleaved staircase design.
In a group of 31 naive observers, the average thresholds of 5.91' of arc for crossed stereomotion and
6.00' of arc for uncrossed stereomotion were comparable to those assessed in earlier work done with
optics-based techniques, By assessing the thresholds for a rectangle that was defmed either by lateral
motion or by changing size, in a group of experienced observers, we were able to show that any po
tential residual translational motion present in the display would not have influenced the stereomotion
thresholds. Our fmdings suggest that this computer-graphics-based technique may be a reasonable al
ternative to optics-based methods of assessing stereomotion thresholds,

Work by Richards and Regan in the early 1970s demon
strated that humans not only are sensitive to visual stimuli
defined by static stereopsis (i.e, at fixed disparities) but
also are able to process stimuli on the basis of changing
disparity (Richards, 1972; Richards & Regan, 1973). This
phenomenon has been termed stereomotion (see Regan,
Frisby, Poggio, Schor, & Tyler, 1990). Stereomotion is
based on the principle that as an object moves toward (or
away from) an observer, it produces retinal images that are
moving in opposite directions in the two eyes. The differ
ence in retinal image velocities in the left and right eyes
(and hence changing disparity) can produce a compelling
sensation of motion in depth, Indeed, when each eye is
presented with separate images moving in opposite direc
tions, a compelling sensation of motion in depth can be
produced even though the "object" is not physically mov
ing in 3-D space or changing in size (Beverley & Regan,
1973, 1975; Regan & Beverley, 1979; Regan, Beverley, &
Cynader, 1979; Richards, 1972; Richards & Regan, 1973).

One important contribution of stereomotion might
occur in the processing of information about direction in
depth (see Regan, 1991, 1992; Regan et al., 1990), This
sort of information is important for the control of skilled
visuomotor behaviors, such as in landing aircraft or in the
precise interceptive movements in sports such as base
ball and cricket (see Kruk, Regan, Beverley, & Longridge,
1981; Regan, 1982, 1992). Given this usefulness ofstere
omotion, there may be clinical relevance in establishing
thresholds for stereomotion, as has been done for stereop-
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sis (Scott & Mash, 1974; Simons, 1981; Simons & Rei
necke, 1974; Walraven, 1975). Hong and Regan (1989),
for example, reported that a substantial proportion oftheir
observers had portions of the visual field which were
stereomotion blind even though they had otherwise nor
mal vision. The method that they used to establish this
finding was optics based-a rather complicated method
ology that is not commercially available. In recent years,
the quality of computer graphics displays has increased
to the point at which they might be comparable to more
traditional optics-based displays. A portable display
would make it possible to determine stereomotion thresh
olds in clinical or applied settings, given the availability
of computers and the ease with which data can be col
lected and analyzed on them,

Like static stereopsis, stereomotion can be defined on
the basis of either crossed or uncrossed disparities, There
is some evidence that certain individuals are impaired in
the proces~lllc ofstereornotion stimuli defined by crossed
disparities whileshowing relatively normal thresholds
for stereomotion defined-by uncrossed disparities, Indi
viduals with the converse condition also exist (Hong &
Regan, 1989; Regan, Erkelens, & Collewijn, 1986;
Richards & Regan, 1973), Given these findings, we were
interested in whether or not there might be differences
between crossed and uncrossed stereomotion thresholds
in a group of experimentally naive subjects.

The present study was conducted to ascertain whether
or not a computer-graphics-based technique, involving
liquid crystal (LC) glasses, can accurately assess stereo
motion thresholds, and to discover any limitations (e.g.,
in the synchrony between the monitor display and the LC
glasses) that such an approach might have relative to
optics-based techniques. Given that such a technique
might be a reasonable alternative to optics-based ap
proaches, we also wanted to generate a normative data set
of crossed and uncrossed stereomotion thresholds.
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Tothis end, two experiments were conducted. In one ex
periment, the stereomotion thresholds of 31 experimen
tally naive subjects were tested. In one condition, the stim
uli were defined by crossed disparities, and in the other
condition, they were defined by uncrossed disparities. In
the other experiment, 4 experienced observers were tested
in these two conditions as well as in conditions that as
sessed their sensitivities to translation and loom. The lat
ter two conditions were used to assess whether or not the
stereomotion thresholds ofthe experienced observers, as
determined by this computer-based technique, might be
influenced by non-disparity-based motion such as loom
and translation.

EXPERIMENT 1

Method
Subjects. Thirty-one experimentally naive subjects (17 males,

14 females; mean age, 19.8 years; range, 18-25 years) with normal
or corrected-to-normal visual acuities participated for a research
credit for an undergraduate course. All subjects had normal
stereoacuity thresholds (40" of arc or better) as determined by the
Randot Stereotest (Stereo Optical Co., Chicago).

Apparatus. All of the conditions were run on a Silicon Graph
ics Iris computer equipped with Stereoview LC eye-wear. The dis
play screen was a 20-in. diagonal Silicon Graphics high-resolution
monitor (85 dpi). Stereoscopic disparity was displayed by present
ing images alternately to the left and right eyes at a rate of 120 Hz. I

The target was a red rectangle 1° wide X 2° high (1.2 cd/rn-) pre
sented on a black background «0.0 I cd/m-; as measured by a Mi
nolta Chromameter Model CS-IOO through the LC glasses). A
small veiling light was directed at the screen, raising the screen lu
minance to 45 cd/m/. A red stimulus was chosen because red phos
phor (the green and blue monitor guns were not used) decays faster
than the other phosphors available on this sort ofdisplay. Two types
of stereomotion stimuli were used: crossed and uncrossed. The
crossed stimuli appeared to be oscillating back and forth in front of
the screen; the uncrossed stimuli appeared to be oscillating back
and forth behind the screen. To ensure that proper fusion occurred,
and so that subjects could maintain fixation in the same depth plane
as the screen, a centrally placed 8.0° diameter circle was present
throughout the testing session. If fusion was not achieved, this cir
cle would break down into separate red and blue circles. A centrally
placed fixation point (a plus sign subtending 0.33° X 0.33°) was
present in between the trials.

The disparity-defined rectangle moved in square-wave steps at a
0.8-Hz oscillation. The frequency and square-wave components of
the stimuli were selected on the basis ofprevious research: The cir
cumstances under which subjects are most sensitive to the presence
of dynamic disparity information involve stimulus frequencies of
approximately 0.8-1.0 Hz (see Regan & Beverley, 1973a, 1973b,
1978, 1979; Richards & Regan, 1973). In addition, subjects are
more sensitive to square-wave oscillations, which present abruptly
changing disparity information, than to sine-wave oscillations,
which arrive at the maximum disparity level through a series of
smaller changes in disparity. When retinal disparity was modulated
sinusoidally, Regan and Beverley (I 973a, 1973b) found a strong
low-frequency attenuation below 1 Hz, which was not present under
square-wave modulation.

Procedure. Subjects wore the Stereoview glasses, and with
proper fusion they perceived a single rectangle that appeared to be
moving in depth. It should be emphasized that the physical size of
the rectangle remained constant. Stimulus presentations lasted for
5 sec, after which time the subjects were required to respond.

Twocounterbalanced testing blocks were used, one consisting of
stimuli defined by crossed disparities, the other consisting of stim
uli defined by uncrossed disparities. Data were collected with the
dual randomly interleaved staircase technique, with one staircase
starting at 24' of arc and the other staircase starting at 0' of arc,
using 2-dB shifts (see Gescheider, 1985; Levitt, 1971). The sub
jects were required to indicate (using a mouse key) the presence of
motion in the display, and the responses were recorded by the com
puter. For each ofthe two staircases, seven reversals were recorded,
and the threshold estimate for each was determined by averaging
the last six. The overall threshold was the average of the thresholds
from the two staircases. Viewing distance was 114 em, and head
movements were restricted by means of a chinrest equipped with
two lateral head stops and a forehead stop. The psychophysical test
ing was preceded by the stereoacuity test. Each testing block lasted
approximately 15 min and was performed in the dark.

Results
The mean stereomotion threshold for crossed disparities

was 5.971' ofarc (SE= 0.515) and that for the uncrossed
disparities was 6.002' ofarc (SE= 0.454). Crossed and un
crossed stereomotion acuities were not significantly dif
ferent [t(30) = 0.09,p > .9] but were positively correlated
(r= .77,p < .01).

EXPERIMENT 2

To produce the changes in disparity in Experiment I,
each eye was presented with a separate view ofone ofthe
two rectangles, which moved with respect to each other.
In theory, some ofthe translational information in the rec
tangle yoked to, for example, the left eye might have been
detected by the right eye (and vice versa), if the goggles
were not perfectly synchronized with the displays, and it
might have been this information and not changing dis
parity that was detected in the stereomotion tasks. If such
lateral motion did leak into the stereomotion displays, it
was also possible that this type of information could have
made the stimulus appear to be looming in depth.

To assess whether or not 2-D motion information might
have been affecting the stereomotion thresholds mea
sured by the computer-graphics-based method, the trans
lation and loom thresholds of 4 experienced observers
were tested. Previous work with optics-based displays has
shown that 2-D motion thresholds are lower than stereo
motion thresholds (Hong & Regan, 1989; Regan & Bev
erley, 1973a, 1979). Thus, if the stereomotion thresholds
in Experiment 2 were found to be as low as the 2-D motion
thresholds, this would present the possibility that 2-D
motion information might have been available in the
stereomotion displays. If this were the case, one might
expect practice effects in the stereomotion task; that is,
subjects might gradually learn to make use of2-D motion
information when making their stereomotion judgments.
To test for this possibility, stereomotion thresholds were
measured over several testing blocks.

Method
Subjects. The 4 experimentally experienced subjects (all male;

mean age, 27.0 years) were graduate student volunteers having nor-
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Figure 1. Mean motion thresholds for the 4 experienced observers. In general, the transla
tional motion thresholds (looming and translational) are lower than the stereo motion thresh
olds (crossed and uncrossed).

mal or corrected-to-normal visual acuity and stereoacuity thresh
olds better than 40" of arc.

Apparatus. The stimuli were presented on the Silicon Graphics
Iris computer described in Experiment I.

Procedure. In addition to the crossed and uncrossed stereomo
tion thresholds, translational motion and looming thresholds, under
binocular viewing, were also collected in the 4 experienced sub
jects. In the translational motion condition, the 4 subjects were pre
sented with a rectangle (similar in every way to the stereomotion
stimulus, except that it was not defined by changing disparity) that
moved from side to side within the frontoparallel plane. In the
looming condition, a rectangle again was used, but this time it was
made to increase or decrease in size, through manipulation of the
length of its horizontal axis. In the latter two conditions, the square
wave oscillations were identical to those used for the stereomotion
stimuli. The experienced subjects were given a total of six testing
blocks for each of the four test conditions over 3 days, in counter
balanced order.

Results
The data for the experienced subjects were entered

into a one-way repeated measures analysis of variance
with four levels (crossed, uncrossed, loom, and transla
tion). There was a significant main effect of condition
[F(3,9) = 4.12, P < .05]. Tukey's post hoc comparisons
revealed that the crossed stereomotion thresholds were
not significantly different from the uncrossed thresholds
(p > .05). The crossed stereomotion thresholds, how
ever, were higher than the loom and translation thresholds
[respectively, t(9) = 2.57,p < .05, and t(9) = 3.06,p <
.02; see Figure I]. In addition, there was a strong trend
suggesting that the uncrossed thresholds were also
higher than the translation [t(9) = 2.21,p = .06] and loom
[t(9) = 1.71, P = .12] thresholds, respectively. Transla
tional motion thresholds did not significantly differ from
the looming motion thresholds (p > .05; see Figure 1).
The general pattern of stereomotion thresholds being
higher than the thresholds for translation and loom was

observed even when the data from the subject (L.S.) with
the outlying stereomotion thresholds were removed from
the analysis.

A further analysis was conducted to assess possible
practice effects on the stereomotion thresholds reported
here. The mean stereomotion threshold for the 4 experi
enced subjects was computed for each of the 12 testing
blocks (6 testing blocks each for the crossed and un
crossed stimuli), and the data were entered into a one
way repeated measures analysis of variance. Early stere
omotion thresholds could thus be compared with later
thresholds. The thresholds for the testing blocks were not
found to differ from each other [F(ll,33) = 0.49,p > .8],
suggesting that practice effects were not present.

DISCUSSION

Consistent with the work of Hong and Regan (1989),
no differences in stereomotion thresholds were found be
tween stimuli defined by crossed and uncrossed dispar
ities. The actual stereomotion thresholds in the present
study, however, appear to be somewhat lower than those
reported by Hong and Regan in a comparable sample of
inexperienced observers. The size of the stimuli used in
the present study might account for this difference, in
that they were slightly larger than those used by Hong and
Regan (although they are comparable to some of the
stereomotion stimuli used by Regan and his colleagues
in other studies). In the Hong and Regan study, when
stimuli were presented several degrees from fixation,
there were slight increases in stereomotion sensitivity
comparable to the thresholds found in the present study.
Presumably, our slightly larger stimuli would have sub
tended a region corresponding to the eccentricity used
by Hong and Regan where maximal sensitivity occurred.
The positioning of the stereomotion stimuli relative to
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the plane of fixation could have also produced differ
ences in the thresholds observed in the present study and
those reported by Hong and Regan. Their displays moved
around a point 12' of arc from the fixation plane in either
crossed or uncrossed space. In accord with the conven
tion adopted by Regan and Beverley (l973b), the stim
uli in the present study always started at the plane of fix
ation and moved away from that point into crossed or
uncrossed space. Consequently, the stereomotion thresh
olds ofExperiment 1 in the present study are highly com
parable to those reported by Regan and Beverley (l973a)
for sine-wave oscillating stimuli, although higher than
those reported in Regan and Beverley (1973 b) for both
square-wave and sine-wave oscillating stimuli. (It should
be noted that most of the data in Regan and Beverley
[1973a, 1973b] are based on only 1 subject. For the stim
uli in the experiments closest to our own, this subject
shows a range of thresholds from approximately I' ofarc
[Regan & Beverley, 1973b] to 6' of arc [Regan & Bever
ley, 1973a].)

A potential problem of measuring stereornotion
thresholds with a computer-based display involving LC
glasses is that any residual 2-D motion information
might "leak" into the display (see Experiment 2), result
ing in exaggerated stereomotion sensitivities. If this had
been the case, one would have expected the stereomotion
thresholds to have been as low as those for translational
motion in the experienced subjects. Consistent with ear
lier, optics-based work, however, the translational and
looming motion thresholds were found to be lower than
the stereomotion thresholds (see Hong & Regan, 1989;
Regan & Beverley, 1973a, 1979). This suggests that 2-D
motion information did not contribute greatly to the stere
omotion thresholds measured in the present study. In
deed, if residual 2-D motion information had been pre
sent in the stereomotion displays, some ofthe experienced
observers should have been able to learn to use it over
time. This was not the case, however, because no practice
effects were observed. In addition, no "ghosting" was re
ported by the experimentally naive or the experienced
subjects.

Regardless ofthe phenomenological experience ofthe
subjects, it is possible that the synchrony between the mon
itor display and the LC glasses may not have been per
fect, owing to phosphor persistence. The manufacturer of
the system, Silicon Graphics, reports that the red phos
phor used in their displays decays to 1% of background
noise levels within 9 msec. Given that the screen was op
erating at 120 Hz (60 Hz for each eye), this would lead to
a phosphor refresh every 8.3 msec, which could poten
tially lead to very slight ghosting in the other eye. As men
tioned earlier, we did use a veiling light in the testing room,
which produced light levels at the screen of 45 cd/rn-. It
is likely that this would have minimized any ghosting.
Moreover, LC shutters only allow 90% or so light trans
mission when they are "open." Thus, a I-msec or shorter
trace at around 1% intensity (i.e., around 0.12 cd/m-) in

the presence ofa veiling light of45 cd/rn? and given the
light transmission of the open shutters is a rather negli
gible stimulus. Finally, the unwanted 1% contrast differ
ence, had it been present at all in the display, would not
likely have been detectible because of contrast adapta
tion effects (Blakemore & Campbell, 1969).

One of the main purposes of the present study was to
determine the adequacy ofa computer-graphics- and LC
based technique for assessing stereomotion thresholds.
It appears that such displays can be used to assess stereo
motion thresholds and may be a reasonable alternative to
optics-based methods in clinical or applied settings.
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NOTE

I. The software for the presentation of the stereomotion stimuli is
available by anonymous ftp at cogsi.uwo.ca (J.P. 129.100.6.10). Pro
gram names: crossed.c, uncrossed.c, and a support file in directory/
pub/SGI.
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