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The precision and accuracy of speed discrimination performance for stereomotion stimuli were assessed for several receding
3D trajectories confined to the horizontal meridian. It has previously been demonstrated in a variety of tasks that detection
thresholds are substantially higher when subjects observe a stereomotion stimulus than when simply viewing one of its
component monocular half-imagesVa phenomenon known as stereomotion suppression (C. W. Tyler, 1971). Using
monocularly visible motion in depth targets, we found mean speed discrimination thresholds to be higher for stereomotion,
compared with monocular lateral speed discrimination thresholds for equivalent stimuli, demonstrating a disadvantage for
binocular viewing in the case of speed discrimination as well. Furthermore, speed discrimination thresholds for motion in
depth were not systematically affected by trajectory angle; hence, the disadvantage of binocular viewing persists even when
there are concurrent changes in binocular visual direction. Lastly, there was a tendency for oblique trajectories of
stereomotion to be perceived as faster than equally rapid motion receding directly away from the subject along the midline.
Our data, in addition to earlier stereomotion suppression observations, are consistent with a stereomotion system that takes
a noisy, weighted difference of the stimulus velocities in the two eyes to compute motion in depth.
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Introduction

It is no coincidence that, to our knowledge, evolution has
not produced a single vertebrate species1 with only one
eye. Binocular vision affords humans and many other ani-
mals several significant advantages. For those whose vi-
sual fields overlap only minimally (e.g., rabbits and horses),
having two eyes principally offers the advantage of
extended angular coverage of the surrounding environment.
For those animals whose visual fields do overlap substan-
tially (e.g., cats and primates), through binocular summa-
tion we are effectively afforded two independent
opportunities to see a stimulus in a given location that
might otherwise be only marginally perceptible (see Blake,
Sloane, & Fox, 1981, for a review). In addition, the
binocular field of view allows the recovery of depth
information through the small positional differences
between each monocular image (binocular disparities).
Binocular vision also facilitates the perception of objects’
changing depth through stereomotion2 cues.
There are, however, certain circumstances under which

the use of two eyes proves detrimental to the performance
of a visual task, as demonstrated in the phenomenon of
stereomotion suppression (also referred to as stereomove-
ment suppression). This involves the detection of the
motion in depth of a stimulus undergoing a change of
relative binocular disparity, with the two monocular images

having unequal (signed) velocities (i.e., an interocular
velocity difference). When the amplitude of motion in
depth is set just below detection threshold, the monocular
lateral motion becomes trivially detectable if the subject
closes one eye (Tyler, 1971). Although binocular vision
allows us to perceive motion in depth for relatively large
amplitudes of motion, it appears to hinder us in the more
general task of motion detection.
A similar phenomenon has been reported by Harris and

colleagues (Harris, McKee, & Watamaniuk, 1998; Harris
& Rushton, 2003; and Sumnall & Harris, 2000). Using a
visual search paradigm, these authors showed that the
detection of motion for a single dot translating laterally was
possible among a larger number of stationary noise dots
compared with the detection of the stereomotion of that dot
moving in depth (when equated for monocular stimulus
speed). This form of suppression occurs principally when
stereomotion stimuli feature equal and opposite velocities
in each monocular image, leading to a change of binocular
disparity over time and a trajectory of motion that
approaches or recedes from the subject directly along the
midline. When the monocular speeds differ, an obliquely
directed trajectory is produced (see Figure 1). Under these
circumstances, the dot is almost equally detectable when
moving (obliquely) in depth or when moving purely lat-
erally in this visual search context, suggesting that differ-
ent mechanisms may be at work when searching for direct
versus oblique trajectories in noise (Harris et al., 1998;
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Harris & Sumnall, 2000; McKee, Watamaniuk, Harris,
Smallman, & Taylor, 1997). However, in the original
Tyler (1971) detection study, such oblique stimuli still
suffered a substantial degree of stereomotion suppression
and were only marginally more detectable than direct stim-
uli, as confirmed by Beverley and Regan (1975). So, unlike
the visual search phenomenon, the original stereomotion
suppression phenomenon for conventional detection is
largely independent of trajectory angle, suggesting that
the same mechanism is at work when detecting either direct
or oblique trajectories.
An additional difference between the study by Tyler

(1971) and those by Harris et al. is worth noting. Tyler
compared monocular lateral motion thresholds and stereo-
motion thresholds. However, Harris et al. compared bin-
ocular lateral motion thresholds and stereomotion thresholds.
The latter studies therefore allow the opportunity for bin-
ocular summation in the lateral motion condition (receiv-
ing identical monocular stimuli) that does not apply either
to the stereomotion case (receiving differing monocular
stimuli) or to the monocular case (receiving only a single
instance of image motion). Conversely, in all of these ear-
lier studies, it is possible that the stereomotion suppression
could be a form of nonspecific binocular masking where two
incongruent monocular motion signals interfere with each
other, independent of any fused stereomotion signal.
In this study, we examined the phenomenon of stereo-

motion suppression to see whether it can be extended to the
case of speed perception for both direct and oblique tra-
jectories and whether the suppression effect is specific to
stereomotion stimuli. We addressed this question by mea-
suring just-noticeable differences (JNDs) and points of
subjective equality (PSEs) for speed discrimination of
motion in depth and monocular lateral motion.
To anticipate, we found evidence of stereomotion sup-

pression for speed perception for all trajectory conditions.
This was shown in the form of elevated speed JNDs for

stereomotion stimuli compared with those found for
matched monocular stimuli, whether the non-viewing
eye was simply patched or experienced equivalent visual
noise. This finding is consistent with a stereomotion mech-
anism that computes differences in monocular image
velocities in a manner that adds substantial noise. We also
found shifted PSEs showing that oblique motion in depth is
generally perceived faster than direct motion of the same
speed.

Methods

Stereomotion display

Stereoscopic stimuli were created by alternately display-
ing the monocular half-images on an Image Systems
240-Hz monitor (120 Hz per eye) using P46 fast phosphor,
driven by a Matrox G400 video card. These were viewed
through high-speed (switching time 50 2s), high-trans-
mittance (30%), ferroelectric shutter glasses also running at
240 Hz that were synchronized to the vertical refresh of the
monitor. Pilot tests confirmed that at the speed, luminance,
and contrast levels used, there was no perceptible flicker or
bleed-through of the unwanted monocular image, and
motion appeared smooth and continuously linear. Stimuli
with simulated direct trajectories appeared to move directly
away from the observer at constant speed as intended,
indicating that the extremely brief interocular onset asyn-
chrony (4 ms) caused no perceptible Pulfrich-like phenom-
enon (see Ross, 1974; Tyler, 1971).
The general stimulus arrangement is depicted in Figure 2.

The visible area of the screen subtended 7.3 deg � 6.2 deg.
With a resolution of 700 � 640 pixels, this resulted in an
effective resolution of 96 � 103 pixels per degree at the
viewing distance of 2.5 m. The mean luminance of the
screen was 12.5 cd/m2, and all tests took place in a room
essentially devoid of extraneous light. Responses were re-
corded using a two-button mouse. Subjects wore their usual
optical corrections for all experimental sessions.
Identical random dot background patterns comprised

50% density bright/dark dots at a Michelson contrast of
20%, each subtending 2.5� 3.7 arcmin (4 pixels square) in
each half-image. The background pattern in each eye
comprised two 7.3 deg � 0.66 deg strips centered 1 deg
above and below a small, bright, central fixation ring. These
features were located binocularly in the fixation plane,
being in identical positions for each half-image. Moving
stimuli were random dot stereogram patterns (same size,
density, and contrast as the background), which filled the
vertical gap between the background strips. All patterns
extended horizontally to the edges of the image to minimize
any effects of stereomotion signals arising from binocularly
unmatched regions (e.g., Brooks & Gillam, 2005) or stereo
from motion-defined boundaries (e.g., Lee, 1970).

Figure 1. Three-dimensional trajectory and its relationship to mon-
ocular velocities. Oblique stimuli (L and R) feature a ratio of mon-
ocular velocities of j1:2 (or j2:1). The stimulus recedes from the
eye with the slower motion. Stimulus D moves directly away from
the subject along the midline and features identical monocular
speeds. Figure not drawn to scale. In the experiment reported
here, trajectory angles D and L (or R) differed by only 0.25 deg.
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A relative disparity pedestal of zero was used; that is,
moving stimuli passed through the plane of the background
dots at the midpoint of their motion. All retinal half-images
translated nasally (i.e., in opposite directions in each half-
image) with monocular half-image speeds in each stimulus
presentation either equal (direct stimuli) or featuring a
velocity ratio of j2:1 (oblique stimuli). This simulated a
real-world trajectory angle inclined at T0.25 deg with re-
spect to the midline (see Figure 1). The real-world trajec-
tory angle, ", can be calculated using Equation 1, given
left and right monocular (signed) image velocities, 5L and
5R, respectively, the interpupillary distance, I, and the
viewing distance, d (Regan, 1993).

" ¼ tanj1 Ið5R þ 5LÞ
2dð5Rj5LÞ

� �
: ð1Þ

The component of motion in depth velocity parallel to the
midline is given by Equation 2 (Regan, 1993).

vz ¼
d 2ð5Rj5LÞ

I
: ð2Þ

The difference between vz and the total motion in depth
velocity, or v, is negligible (G0.001%) for the small tra-
jectory angle used here. The amplitude of the velocity dif-
ference between the monocular motions in the two eyes
(i.e., 5R j 5L, a direct correlate of vz) for the standard
stimulus was set at 0.622 deg/s (equivalent to a vz value of
1.04 m/s), regardless of whether it was direct (D) or oblique
(L and R). Nine possible values of test stimulus speed were
used within interleaved one-up–one-down adaptive stair-
cases. For test stimulus D, possible speeds of retinal motion
experienced simultaneously by each eye ranged between

0.178 deg/s and 0.466 deg/s toward the nasal side, which
correspond to actual vz values between 0.60 and 1.56 m/s.
For test stimulus L, speeds in the left/right eyes ranged
between 0.124/0.249 and 0.355/0.710, which correspond to
real-world vz values between 0.63 and 1.79 m/s. These
speeds were presented to the opposite eyes for test
stimulus R. All stimuli were visible for 600 ms, with an
inter-stimulus interval of 600 ms. It has previously been
demonstrated that subjects do not use the cue of total
displacement to make stereomotion speed judgements
under our stimulus conditions but respond to the speed
per se (Brooks & Stone, 2004; see also Brooks, 2002a;
Brooks & Mather, 2000; Harris & Watamaniuk, 1995;
Portfors-Yeomans & Regan, 1986).
Four subjects (L.S., B.B., C.N., and L.L.) contributed

data in all conditions, whereas two others (A.K. and S.S.)
contributed data for the stereomotion conditions only. Each
subject had normal or corrected-to-normal vision and passed
preliminary screening tests for stereo deficiencies involving
correctly reporting the sign of static disparity displays and
the direction ofmotion of stereomotion displays over a range
of disparities and speeds. Except for one subject (the author
L.S.), all subjects were naive as to the purpose of the
experiment but were experienced at performing psycho-
physical tasks before beginning practice sessions.

Stereomotion speed discrimination

We used a yes–no paradigm, sequentially presenting
standard and test intervals in a randomized order, following
which the subject indicated whether the first or second stim-
ulus appeared to travel more rapidly, regardless of its
specific trajectory. JNDs and PSEs for stereomotion speed
discrimination were computed for each of five relative
trajectory conditions. To avoid the possibility that subjects
could perform the task on the basis of the rate of lateral mo-
tion, each stimulus pair featured a directly receding stim-
ulus. Such trajectories involve no lateral translation, and
hence, responding on the basis of this inappropriate cue
would cause the staircase to fail to converge and prevent a
JND from being established. Each condition involved one
stimulus with trajectory D (either test or standard) and
another stimulus with trajectory D, L, or R. As such, the
five possible standard:test combinations were D:D, D:L,
D:R, L:D, and R:D. Subjects completed three to five
sessions of testing, with each session consisting of four
blocks, and each block lasting approximately 12 minutes.
Each block contained five randomly interleaved staircases
(with each terminating after 12 reversals), one for each of
the five trajectory conditions associated with the five
trajectory pairs above.
Data were analyzed for each subject individually.

Responses from trials in a given condition were combined
across the four blocks, and a cumulative Gaussian curve
was fitted to the data by probit analysis (Finney, 1971).
Both the midpoint (PSE) and the semi-interquartile

Figure 2. Stimulus presentation arrangement. Figure not to scale.
See text for details.
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difference (JND) of the underlying Gaussian distribution
were free parameters in the curve fitting routine. PSEs and
JNDs were averaged across sessions, and their associated
standard errors were calculated. Statistical significance
was assessed using ANOVAs, with specific comparisons
performed using planned linear contrasts.

Monocular/lateral speed discrimination

Methodological details of our monocular/lateral speed
discrimination task differ from those of our stereomotion
task only in the following respects. One monocular half-
image from the motion in depth stimuli described above was
presented to the dominant eye (in all four of our subjects, it
happened to be the right eye). The other eye received no
coherent motion signal. For two subjects (B.B. and L.S.),
this involved simply patching the non-dominant (left) eye,
whereas for the other two (C.N. and L.L.), a dynamic noise
masking stimulus was presented to the left eye. This
manipulation was performed to establish whether any
observed suppression is specifically linked to a stereomotion
percept or whether the effect persists during equivalent
binocular stimulation devoid of any associated stereomotion
percept. If stereomotion suppression were due to some kind
of nonspecific masking of one monocular motion signal by
the other eye’s incongruent signal, then no suppression effect
would be evident when one eye views dynamic noise, since
monocular and binocular thresholds would both be equally
adversely affected. In an additional control, subject L.S. also
performed the monocular speed discrimination task using
the monocular half-image corresponding to the eye featuring
the faster monocular motion and the noise mask in the other.
It should be noted that, if anything, the use of the noise mask
would tend to increase thresholds for monocular speed
discrimination, and thus decrease the chances of finding
evidence for stereomotion suppression.
The mask was a series of independent random dot images

having the same contrast, dot size, and density as the mon-
ocular halves of the stereo image, changing at a rate of
120 Hz. Subjects perceived clear lateral motion with the
masked monocular motion stimuli, despite the presence of
the dynamic mask. Either three (subject C.N.) or six (L.S.,
B.B. and L.L.) sessions were conducted, during which the
data acquisition and analysis procedures were identical to
those described above for stereomotion speed discrimination.

Results

Precision

To compare motion in depth speed discrimination with
monocular lateral speed discrimination, we tested four
observers under matched monocular and stereomotion

conditions. In line with previous stereomotion suppression
studies, data for monocular speed discrimination were
treated in the same way as stereomotion data, that is, as if
the omitted monocular motion signal was present. This
allows us to express JNDs for both conditions in degrees of
disparity per second and to directly compare the two. If
thresholds are lower in monocular conditions, this con-
stitutes evidence of stereomotion suppression.
Across all trajectory conditions, monocular speed dis-

crimination was more precise than the corresponding
stereomotion speed discrimination. Figure 3 plots the
binocular JNDs as a function of the corresponding mon-
ocular JNDs. Of the 25 data points in Figure 3, 23 were
above the line of slope 1 and intercept 0 (dashed line) and
only 2 were below the line, yet not significantly so. For all
observers, the difference between the monocular and
binocular JNDs was highly significant in individual 2 �
5 ANOVAs, L.S.: F(1,4) = 22.768, p = .009; B.B.: F(1,4) =
19.929, p = .011; C.N.: F(1,2) = 58.346, p = .017; L.L.:
F(1,4) = 25.862, p = .007, regardless of whether they had
experienced an eye patch or the dynamic noise mask with
their non-dominant eye or whether they had viewed the
faster half-image or the right half-image. On average,
monocular JNDs were lower by a factor of 1.8 T 0.1 (SEM
across observers and trajectories). The mean monocular

Figure 3. Speed discrimination JNDs for monocular motion
(x-axis) plotted in terms of the equivalent stereomotion speed,
against those for stereomotion (y-axis). Symbols >>>>, g, 3, q, and >>>>.

represent subjects L.S. (patch), B.B. (patch), C.N. (noise) L.L.
(noise), and L.S. (faster motion; noise), respectively. Relative tra-
jectory conditions DD, DL, DR, LD, and RD are represented by
points colored black, green, red, blue, and orange, respectively.
Error bars represent T1 SEM. Two outliersVpoints for observer
L.L., high above the lineVwere omitted for clarity (DL: 0.242,
0.417; LD: 0.092, 0.327).

Journal of Vision (2006) 6, 1214–1223 Brooks & Stone 1217

Downloaded from iovs.arvojournals.org on 04/24/2024



speed JND across subjects and relative trajectory condition
was 0.12 T 0.01 deg/s (SEM across four observers). The mean
stereomotion JND across relative trajectory condition was
0.20 T 0.02 deg/s (SEM across the same four observers).
These findings demonstrate robust stereomotion suppres-
sion for speed discrimination.
We saw no systematic variation in stereomotion JND

with relative trajectory angle. To increase our statistical
power with respect to this negative result, we tested two
additional subjects (A.K. and S.S.) in our stereomotion
speed discrimination task. Despite this effort, there was no
significant effect of trajectory angle on JND across our six
observers, F(1,5) G 1, p 9 .05. Furthermore, individual
comparisons revealed that the JNDs for oblique motion
were not significantly different from that of condition DD
for five of the six observers (ANOVA with linear con-
trasts; DD vs. average of all other conditions: p 9 .05).
However, for one subject (L.S.), thresholds were signif-
icantly higher for oblique motion, F(1,4) = 9.795, p = .035.
Stereomotion speed discrimination thresholds are plotted
as histograms in Figure 4 for all six subjects and all
five trajectory conditions. We conclude that there is little
effect of trajectory on the JND of stereomotion speed
discrimination.

Accuracy

Unlike the JND data, the PSE data showed a more
systematic effect of trajectory, albeit with some intersubject
variability. The PSEs for RDS stereomotion stimuli are
plotted in Figure 5. For all subjects, speed comparisons
between stimulus pairs with different trajectories were not
made veridically. Although PSEs varied, at least to some ex-
tent, as a function of trajectory angle, all subjects achieved
a reliable and somewhat accurate speed match between
direct stimuli (where the average of monocular half-image
velocities was zero) and oblique stimuli (where the
average of monocular velocities was 0.1 deg/s). This find-
ing confirms that no subject attempted to make his or her
judgements on the basis of an average of the monocular
velocity signals.
The nonveridical matches revealed a tendency for

oblique trajectories to be perceived as faster than equally
fast directly receding motion. Across observers, the speed
of oblique trajectories was overestimated in 20 of 24 cases
(two-tailed binomial test, z = 3.266, p = .0011). To assess
the significance of this effect for each individual subject,
the JND data were transformed to represent differences
from the veridical speed, where overestimations in oblique

Figure 4. Stereomotion speed discrimination JNDs. The histogram bars represent stereomotion thresholds for all six observers under all
five trajectory conditions. These show no systematic pattern of variation. Error bars represent T1 SEM.
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speed were coded as positive and underestimations were
coded as negative. For four observers, the speed of oblique
trajectories was significantly overestimated relative to that
of direct stimuli in 1 � 4 ANOVAs, L.S.: F(1,4) = 119.959,
p G .0005; B.B.: F(1,4) = 13.888, p = .020; A.K.: F(1,4) =
8.894, p = .041; S.S.: F(1,4) = 270.948, p G .0005. How-
ever, in the other two subjects, oblique stimuli were only
perceived as faster in half of the conditions, and hence, the
general pattern of overestimation was not significant for
these individuals.

Discussion

Tyler first reported the phenomenon of stereomotion sup-
pression in 1971. Using stimuli whose monocular images
oscillated in counterphase, simulating sinusoidal motion in
depth, he showed that when the amplitude of stereomotion
in the binocular image was set just below detection thresh-
old, motion can still be easily detected in either monocular

half-image when viewed in isolation. The experiment
reported here extends the phenomenon of stereomotion
suppression from the domain of threshold motion detec-
tion to the domain of suprathreshold speed perception. For
directly or obliquely receding stimuli, speed discrimina-
tion JNDs were significantly higher for motion in depth
than for either monocular lateral motion component alone,
showing that in this task, two eyes are once again worse
than one. Simply put, just as Tyler (1971) demonstrated
that a barely detectable degree of stereomotion becomes
easily detectable as lateral motion with one eye closed, we
have demonstrated that, in general, a barely detectable dif-
ference in stereomotion speed becomes an easily detect-
able difference in lateral speed when using only one eye.
Furthermore, the fact that all observers tested on lateral
speed discrimination with a monocular noise mask showed
significant stereomotion suppression indicates that this
effect is not mediated by nonspecific binocular interac-
tions but rather by a mechanism that processes stereo-
motion per se.
In only 2 of 25 cases in Figure 3 did data fall below the

line of unity, suggesting that some stereomotion thresholds

Figure 5. Stereomotion speed discrimination PSEs. Data are shown for all six observers in five relative trajectory conditions (histogram
bars). Error bars represent T1 SEM. A percept of faster motion for oblique stimuli is represented by values below 0.622 deg/s for conditions
DL and DR and by values above 0.622 for LD and RD. Although four subjects (L.S., B.B., A.K., and S.S.) show this pattern clearly, this is
true only for two conditions each for two subjects (C.N. and L.L.).
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were lower than associated monocular thresholds. These
two examples come from subjects L.S. (black symbols)
and B.B. (green symbols) for condition DR (triangles).
This apparent inconsistency in the stereomotion suppres-
sion effect can be explained by considering the monocular
motion stimulus parameters used in these conditions.
Since different trajectories involve different monocular
velocities, the omission of the right monocular half-image
will, in some conditions, leave the faster half image
remaining, and sometimes the slower. When viewing
condition DR with the right eye only, a medium speed
standard must be discriminated in speed from the slower
of the two test half-images. It is likely that this was the
cause for the absence of observable stereomotion suppres-
sion in these two cases, as it is known that for very low
speeds, lateral motion JNDs become very large (McKee,
1981; Thompson, 1983). To see if these two points were
indeed due to low speed and not to the specific trajectory
condition, one subject (L.S.) was re-run on the monocular
speed discrimination task in which he was presented with
the faster half-image in one eye and a noise mask in the
other (see Figure 3, gray symbols). In that case, all points
lie substantially above the line of unity showing stereo-
motion suppression for all trajectory conditions. From
these data and from first principles, we infer that, under
oblique conditions where the motion in one monocular
half-image becomes sufficiently slow (i.e., in the extreme
case, motion aimed directly toward or away from one eye
generates a retinal speed of zero in that eye), closing the
eye that views the faster half-image cannot reveal stereo-
motion suppression for speed discrimination (or motion
detection for that matter).

Stereomotion suppression and the
interocular velocity difference

The difference between the velocities in the two mon-
ocular images for any object moving in depth can aid the
perception of trajectory angle (see Equation 1) and
velocity (Equation 2) in 3D due to a stereomotion cue
known as the interocular velocity difference. The crucial
stage of this computation involves the subtraction of left
and right monocular image velocity signals. The inter-
ocular velocity difference cue has received support from a
number of experimental studies on the detection of motion
in depth (Allison, Howard, & Howard, 1998; Fernandez &
Farell, 2005; Howard, Allison, & Howard, 1998; Shioiri,
Saisho, & Yaguchi, 2000). For suprathreshold situa-
tions, it has been shown that the IOVD cue greatly in-
fluences the accuracy (Brooks, 2001, 2002a, 2002b; Brooks
& Mather, 2000) and precision (Brooks & Stone, 2004;
Harris & Watamaniuk, 1995) of stereomotion perception
and is a strong candidate to explain our findings. Although
the phenomenon of stereomotion suppression for speed
discrimination might at first seem to argue against the use

of this cue for stereomotion speed perception, this con-
clusion would be premature. As it is likely that the neural
process of subtracting two monocular velocities would in-
troduce additional noise, there is good reason for us to
expect that JNDs produced by any interocular velocity
difference system would indeed be higher than those for
the perception of speed for monocular motion.
Visual search studies, however, have led some authors to

suggest that the two monocular velocities are not subtracted
but are instead averaged (Harris et al., 1998; Harris &
Rushton, 2003; Sumnall & Harris, 2000; Westheimer,
1990). Harris et al. (1998) argue that this explanation
Bcould account for Tyler’s classic finding.[ In the averaging
scheme, the equal and opposite monocular speeds featured
in directly approaching or receding stereomotion cancel
each other out. This, it is argued, produces inferior
performance for binocular compared to monocular con-
ditions, since the average becomes zeroVthe same as for
an entirely motionless stimulus. However, when
monocular speeds differ, such as for trajectories directed
obliquely in depth, their average is non-zero, allowing
easier detection. This theory is able to explain why
stereomotion suppression is less apparent for oblique
motion in depth in their visual search task, although it
cannot explain why Tyler (1971) found clear stereo-
motion suppression in his detection task even with
oblique trajectories.
More recently, Brooks and Stone (2004) have shown that

velocity averaging cannot account for the estimation of
stereomotion speed. Instead, they postulate that an
interocular velocity difference mechanism features a noisy
binocular combination stage where monocular velocities
are subtracted from each other. This theory predicts that
stereomotion suppression should be equally evident across
all trajectories, which is what we observed.
An explanation of stereomotion suppression based on

velocity averaging, however, makes predictions quite
different from those observed. Firstly, according to this
theory, thresholds for the non-DD conditions should be
lower due to the pairing of a direct stimulus with one whose
velocity average is non-zero and, hence, whose speed is
calculable on the basis of this statistic. This would lead to
weaker stereomotion suppression effects for conditions DL,
DR, LD, and RD compared with that for DD. This pattern
was not observed in our JND data. However, it could be
argued that a cognitive difficulty in comparing the speeds of
stimuli with different trajectories raises the threshold in the
four oblique conditions and masks any difference between
the direct and oblique conditions that would otherwise be
apparent. We believe that this is unlikely, since the differ-
ence between the trajectories of our stimuli was only 0.25-.
Furthermore, it is important to remember that the average
of the two monocular image velocitiesVthe rate of change
of binocular visual direction (BVD)Vwas always zero
for all direct trajectories, since BVD was unchanging
regardless of the amplitude of vz. Given that all trials
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featured at least one direct trajectory, use of the rate of
change of BVD alone would therefore have caused the
psychophysical staircases to fail to converge. This was
never observed.
In the visual search experiments, stereomotion suppres-

sion was reduced or was nonexistent for oblique stimuli. It
is possible that oblique stimuli were detected with ease
because of their lateral motion. In their search task, the
target is the only dot with the motion in depth, but it is also
the only dot featuring continuous lateral motion (or a rate of
change of BVD). It may well be the case that under these
circumstances, performance is indeed mediated by a
process, averaging the two monocular velocities as the
velocity of lateral movement is computed. We propose that,
although the motion of objects with oblique trajectories
may, in some conditions, be better detected by the lateral
component of their motion (the velocity average compu-
tation), our 3D speed discrimination is a task better
suited to revealing the details of the binocular motion in
depth mechanism per se as it requires that the z
component of motion be taken into account. Our data
here and previous data (Brooks & Stone, 2004) suggest
that a 3D motion mechanism, involving additional noise
above and beyond that of 2D monocular motion
processing, generates stereomotion suppression, inde-
pendent of the presence or absence of a change in BVD.

Anisotropies in stereomotion perception

Perception of stereomotion speed was not perfectly
veridical, with subjects showing a general tendency to
perceive oblique trajectories as faster than direct stimuli.
Thus, it is clear that motion in depth speed is not calculated
by simply reading out the interocular velocity difference
formula given in Equation 2.
Here, subjects were asked to respond on the basis of total

3D velocity, v, but we set the same vz for our standard
stimuli regardless of trajectory. This was not considered a
problem because of the small value of " (the trajectory
angle relative to the median plane) and, hence, the neg-
ligibly small physical difference (G0.001%) between v and
vz for our oblique stimuli. However, although it was not
explicitly measured in this experiment, subjects reported
an overestimated stimulus trajectory angle (i.e., they
perceived the angle to be larger than 0.25 deg for
conditions L and R), informally confirming the results of
Harris and Dean (2003). It may be that the variation in
speed PSEs with relative trajectory condition is related to
this misperception. For a fixed vz, a larger perceived value
of trajectory angle, ", is consistent with an increase in the
perceived lateral velocity of the stimulus, vx, and, hence,
with an increase in the perceived total velocity, v, since
v = vx + vz. If perceived total velocity were on the basis
both components (a veridically perceived vz and an ex-
aggerated vx), an overestimation of trajectory angle would

accompany a larger difference between perceived v and
perceived vz, and hence, the shift in PSEs indicating that
oblique motion in depth appears faster. (The same would
be true if vz were underestimated and if vx was perceived
veridically.)
The misperception of trajectory angle may be related to

the known distortion of intervals in depth relative to
frontoparallel horizontal (or vertical) distances. In several
experiments, it has been shown that stereoscopic objects at
moderately large viewing distances such as ours appear
compressed in depth, although the details of this vary
across experimental stimuli (Howard & Rogers, 2002;
Tittle, Todd, Perotti, & Norman, 1995). Here, the lack of
vertical disparities could cause erroneous scaling of dis-
parities (or stereomotion signals: see Equations 1 and 2)
by an improperly estimated viewing distance. However,
Harris and Dean (2003) showed that perceived trajec-
tory errors do not vary consistently with viewing
distance.
More relevantly, the speed of direct stereomotion also

seems to be misperceived in a similar way. Brenner, van
den Berg, and van Damme (1996) asked subjects to match
the speed of a directly approaching stereomotion target us-
ing a binocular motion stimulus that traveled only lat-
erally. Subjects consistently underestimated the speed of
the former relative to the comparison stimulus, such that a
fast motion in depth appeared to be equal in speed to a
slow binocular lateral motion. One possible cause for such
an effect and for the increase in perceived trajectory and
speed of oblique stimuli is cue conflict. The effectiveness
of the signal from conventional stereomotion cues (specify-
ing vz) may be attenuated by conflicting motion in depth
cues (e.g., looming and change of contrast), which ex-
plicitly signal a lack of motion in depth. However, this
would not affect the perceived lateral motion of the sti-
mulus. If the depth component of 3D speed is under-
estimated relative to its lateral speed (whether the origin
of that misperception is in the compression of z space or
z speed or even in the expansion of x space or x speed),
the logical consequence would be an overestimation of
the object’s trajectory angle, as described by Harris and
Dean (2003), and an overestimation of the speed of
oblique trajectories, as observed here. Lastly, given the
recent finding that the classic 2D Boblique effect[ of
enhanced direction discrimination along the cardinal
axes is associated with an expansion of direction space
around the x- and y-axes (Krukowski & Stone, 2005), it
is tempting to think that the 3D phenomena described by
Harris and Dean and seen here represent a general-
ization of that 2D oblique effect to the z-axis and to 3D
motion.
The stereomotion anisotropies noted here and in previous

reports (Harris & Dean, 2003) may be related to the
observation by Beverley and Regan (1975) that the dis-
crimination of trajectory is superior for oblique stimuli
compared with their direct equivalents. Using a combina-
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tion of techniques, they found evidence that an ensemble
of Bneural mechanisms Ftuned_ to different left:right ratios
could provide a physiological basis for sensing the di-
rection in which an object moves in three-dimensional
space,[ and whose comparative outputs determine the mo-
tion in depth percept (Beverley & Regan, 1975). The
authors further state, BOur results suggest that, when
processing movement information, the brain does not give
equal weight to all left:right ratios[ (Beverley & Regan,
1973). Computationally, such a scheme might be simu-
lated by introducing a different weighting for the two
velocities into Equation 2. Thus, a weighted velocity-
differencing scheme might accommodate much of the data
reporting anisotropies in stereomotion perception.

Conclusion

This study extends the phenomenon of stereomotion
suppression to the realm of speed discrimination for a range
of stimulus trajectory angles. A stereomotion speed
perception mechanism that uses a weighted ensemble of
relatively noisy interocular velocity difference filters, each
tuned to a specific range of 3D trajectory angles, may be
able to explain much of the published data.

Note added in proof

Since the submission of this manuscript, a paper has
been published that describes a systematic directional
anisotropy for motion in depth (Lages, 2006). This study
includes data showing that, consistent with our findings,
oblique trajectory are perceived as faster.
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Footnotes

1Invertebrate species can be found with only one
primitive photosensitive organ or feature. For example,
euglenidsVprimitive single-cell organismsVhave an
Beye spot[ at one end. At the opposite end, a flagellum
(a whip like structure) allows them to propel themselves
towards a light source. Considering multi-celled organ-
isms, several species of crustacea (including the aptly
named Cyclops) feature a median (nauplius) eye, usually
containing a cluster of eye-cups and a handful of receptors
(Land, 1984).

2Like the majority of authors cited in this article, we
use the term stereomotion to refer to motion toward or
away from an observer. This should not be confused with
the use of this term to describe frontoparallel motion of a
stimulus defined by binocular disparity, e.g., Lu &
Sperling, 2001; Patterson, 1999.
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