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The brain combines information from the two eyes
during vision. This combination is obligatory to a
remarkable extent: In random-dot kinematograms
(RDKs), randomly moving noise dots were similarly
effective at preventing observers from seeing the motion
of coherently moving signals dots, independent of
whether the signal and noise were presented to the
same eye or segregated to different eyes. However,
motion detectors have varied binocularity: Neurons in
visual brain area V1 that encode high contrast, high
speed stimuli may be less completely binocular than
neurons that encode low contrast, low speed stimuli.
Also, neurons in MT often have unbalanced inputs from
the two eyes. We predicted that for high contrast, high
speed stimuli only, there would be a benefit to
segregating the signal and noise of the RDK into different
eyes. We found this benefit, both when performance
was measured by percent coherence thresholds and
when it was measured by luminance contrast ratio
(signal-dot-contrast to noise-dot-contrast) thresholds.
Thus, for high contrast, high speed stimuli, binocular
fusion of local motion is not complete before the
extraction of global motion. We also replicated a crossover interaction: At high speed, global motion extraction
was generally more efficient when dot contrast was high,
but at low speed it was more efficient when dot contrast
was low. We provide a schematic model of binocular
global motion perception, to show how the contrastspeed interaction can be predicted from
neurophysiology and why it should be exaggerated for
segregated viewing. Our data bore out these predictions.
We conclude that different neural populations limit
performance during binocular global motion perception,
depending on stimulus contrast and speed.

Introduction
Single vision requires that a binocular visual system
must suppress one eye or merge (fuse) the inputs from
the two eyes. In humans fusion is often obligatory: It is
difﬁcult to determine the eye of origin for visual stimuli
(Enoch, Goldmann, & Sunga, 1969; Barbeito, Levi,
Klein, Loshin, & Ono, 1985), and noise in one eye
makes it difﬁcult to see signal in the other (Legge, 1979;
Hess, Hutchinson, Ledgeway, & Mansouri, 2007).
Here we study the rules by which the local motions
of dots, seen by the two eyes, respectively, are
combined to arrive at a global motion percept in people
with normal binocular vision. Binocular combination
of static stimuli has been studied in some detail (Ding &
Sperling, 2006; Meese, Georgeson, & Baker, 2006;
Baker, Meese, Mansouri, & Hess, 2007; Ding, Klein, &
Levi, 2013; Ding & Levi, 2015; Ding & Levi, 2016;
Georgeson, Wallis, Meese, & Baker, 2016; Yehezkel,
Ding, Sterkin, Polat, & Levi, 2016; Ding & Levi, 2017),
but the binocular combination of motion signals during
global motion perception has not, and global motion
perception does not necessarily use the same mechanisms of binocular combination as static pattern
perception. Random-dot motion displays have been
used not only to measure normal binocular global
motion perception, but also to treat interocular
imbalance in people with amblyopia (e.g., Thompson &
Liu, 2006; Hess, Mansouri, & Thompson, 2010; J. Li et
al., 2011; Huang, Zhou, Lu, & Zhou, 2011; J. Li et al.,
2013). It is therefore important to understand how
motion signals combine binocularly in normal vision.
Hess et al. (2007) previously compared performance
across monocular, segregated (‘‘dichoptic’’—signal and
noise dots in different eyes), and duplicate (‘‘binocu-
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lar’’—identical display in the two eyes) viewing
conditions. There were no signiﬁcant differences
between these viewing conditions (except at low
contrast, which was predicted from binocular contrast
summation but not motion combination per se). In
other words, the randomly moving noise dots were
equally effective for masking signal dots whether the
noise and signal were in the same eye or different eyes.
Hess et al. (2007) therefore concluded that the spatial
integration needed for global motion perception occurs
after binocular fusion. However, for reasons described
in the next section, we predicted that noise dots would
be more effective when shown to the same eye as signal
dots, but only when stimuli had both high contrast and
high speed. In three experiments we tested this
conjecture and found it was correct. The situation
therefore requires additional explication.
Thresholds in random-dot kinematogram (RDK)
global motion stimuli can be measured for either of two
variables: percent coherence or signal-to-noise contrast
ratio. We measured both, in order to (a) provide
redundancy to make the ﬁndings more robust, and (b)
provide normative data for both types of stimulus. In
Experiments 1 and 3, we used the same contrast for
signal dots and noise dots and measured the threshold
for global percent coherence under varied conditions of
contrast, speed, and binocular viewing. In Experiment
2, we did the reverse: We ﬁxed global percent coherence
and measured the threshold ratio for signal-dotcontrast to noise-dot-contrast under viewing conditions
used in Experiment 1. Additionally, we ran a duplicate
condition as part of Experiment 2 to conﬁrm that our
stimuli were of sufﬁciently high contrast to be out of
the regime of binocular contrast summation. In this
condition, each dot was presented binocularly (thus
doubling the overall number of dots in the display).
The simplest question we address is whether global
motion mechanisms can exclude noise from one eye,
which would be indicated by lower thresholds during
segregated viewing (signal and noise to different eyes).
We addressed this question by comparing performance
in the segregated condition to performance in the
monocular and binocular conditions. Anticipating our
result, those conditions gave rise to similar performance, except when dots had high contrast and high
speed, in which case segregated viewing was beneﬁcial.
Several additional viewing conditions (Table 1 and
Figure 2) allowed us to reﬁne our interpretation of this
result.
Aside from global motion mechanisms, the lower
thresholds during segregated viewing could have been
attributed to interocular gain control mechanisms
linked to the total number of dots in each eye. The
segregated viewing condition usually had fewer dots in
the signal eye and more dots in the noise eye, whereas
the binocular viewing condition always had the same
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number of dots in the two eyes. In Experiment 3, both a
‘‘segregated signal-balanced’’ condition and a ‘‘segregated signal-imbalanced’’ condition were added to test
the effects of total number of dots in each eye.

Model of binocular combination for
RDK stimuli
Koch, Jin, Alonso, and Zaidi (2016) reported a
functional difference between two topologically identiﬁed groups of neurons in cat primary visual cortex.
Contrast saturation and cross-orientation suppression
were found to be stronger within iso-orientation
domains, where neurons are largely binocular, than at
pinwheel centers, where they are largely monocular. In
the Discussion we show how it follows that neurons in
the iso-orientation domains (ocular dominance columns) are suited to the representation of high contrast,
high speed stimuli, whereas neurons in the pinwheels
are better suited to low contrast, low speed stimuli. We
now consider the implications for global motion
perception, under the assumption that both classes of
neuron contribute to global motion perception, with
performance in a motion discrimination task being
limited by one or the other class of neuron depending
on the stimuli.
Accordingly, in Figure 1 we propose a six-stage
schematic model of binocular combination for global
motion perception, which we will call the Cai-Backus
binocular combination (CBBC) model. The input in the
model is a dichoptic RDK stimulus, and the output is a
decision to respond ‘‘up’’ or ‘‘down’’ in a 2AFC task.
First, the retinae transduce the stimulus from light to
neural representation. Second, monocular gain controls, based on stimulus luminance and contrast, act
within monocular representations at the retina, LGN,
and area V1 to modulate the strength of visual signals
used in the third stage: extraction of local motion from
monocular signals, which is done in parallel by two
mechanisms in area V1. We identify these two
mechanisms primarily with two types of domain in area
V1, respectively: monocular pinwheels (high speed,
high contrast) and binocular nonpinwheels (low speed,
low contrast).
In the fourth stage, regional motion is extracted by
neurons in area MT/V5, using outputs from the two
local motion mechanisms in V1. In fact, V2 and MT
cells also receive monocular input directly from LGN,
and MT receives binocular input from V2 (Felleman &
Van Essen, 1987; Born & Bradley, 2005). What is
important here, however, is that multiple mechanisms
with different response characteristics encode the
motion, and because known properties of the two V1
mechanisms are qualitatively consistent with the data,
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S-to-N
Percent
Weber
Viewing
Experiment contrast ratio coherence contrast conditions
1

1

S.V.

1.0, 0.1

2

S.V.

8

3

1

S.V.

M, S, B

Dot
motion

3

Frame rate
Stimulus
Dot speed Number of
(Hz)
duration (ms)
(8/s)
observers

Two-frame

30

300

n/a

M, S, B, D Continuous

60

300

1.0

M, S, B,
SSB, SSI

30

300

Two-frame

1.2
3.3
8.1
4.2
8.4
12.6
16.8
8.1

7

7

10

Table 1. Design parameters of Experiments 1 through 3. Notes: S.V. ¼ staircase variable, M ¼ monocular, S ¼ segregated, B ¼ balanced,
D ¼ duplicate, SSB ¼ segregated-signal balanced, and SSI ¼ segregated-signal imbalanced.

we refer to them by their V1 correlates (pinwheel and
nonpinwheel). To convert regional motion estimates
into a response, the model has a ﬁfth stage that
constructs a global motion percept and a sixth stage
that decides to respond ‘‘up’’ or ‘‘down.’’
The local and regional motion detectors in this
model, that are identiﬁed with direction-selective cells
in areas V1 and MT/V5 of the primate visual system,
respectively (Maunsell & Van Essen, 1983a, 1983b;
Movshon & Newsome, 1996), are the distinguishing
features of the model. After monocular gain control
based on luminance and contrast, local motion is

extracted in the monocular pinwheel and binocular
nonpinwheel domains in V1, whose outputs are sent to
area MT where regional motion detection occurs.
Importantly, the regional motion mechanisms, identiﬁed with MT neurons, have varied ocular dominance.
Additional computation is then necessary to report
whether the net motion of the entire stimulus is upward
or downward; we assume this decision is based on the
location of peak activity within a bank of global
motion detectors that we identify with neurons in
primate visual area MST, each of which inherits its
direction tuning from its afferent regional-motion

Figure 1. Schematic ‘‘CBBC’’ model of binocular global motion perception for random-dot kinematograms. The model has six
cascading stages and produces a decision to respond ‘‘up’’ or ‘‘down’’ on a given trial of the experiment. Stages represent
transformation of the visually acquired information from one representation to another that can be identified with neuroanatomical
structures in the visual system; (a) stimuli enter the eyes; (b) monocular gain control, based on luminance and contrast, modulates
signal strength in retina, LGN, and V1; (c) monocular local motion extraction occurs in parallel along two processing streams:
monocular pinwheel domains and binocular nonpinwheel domains in V1; (d) regional motion is detected by mechanisms with varied
ocular dominance (MT); (e) regional motions are combined to estimate global motion (MST); and (f) a decision is made to respond
‘‘up’’ or ‘‘down’’ based on the estimate of global motion.

Downloaded from jov.arvojournals.org on 05/11/2021

Journal of Vision (2019) 19(13):10, 1–17

Cai, Yuan, & Backus

4

segregation effect at high speed and high contrast is
possible.
We assume that the local motion signals used by
observers in our experiments were extracted monocularly, by mechanisms that have relatively small
receptive ﬁelds. Even though local motion can also be
extracted after binocular fusion (Shadlen & Carney,
1986; Carney & Shadlen, 1992; Carney & Shadlen,
1993; Hayashi, Nishida, Tolias, & Logothetis, 2007;
Hayashi, Miura, Tabata, & Kawano, 2008), this
postfusion mechanism has low efﬁciency. Since motion
signals were available to monocular mechanisms in our
stimuli, motion would have been extracted by the more
efﬁcient monocular mechanisms so that performance at
threshold would have used monocularly extracted local
motion signals. The strength of the monocular local
motion signals in the CBBC model is modulated by
monocular and binocular gain control processes, both
of which must be taken into account to interpret the
data (see Discussion).

General methods
Observers

Figure 2. The distribution of signal and noise dots in the two
eyes, for the six viewing conditions used variously in the three
experiments of this study. For illustration, the large yellow dots
and small white dots represent signal and noise, respectively,
but in the actual experiment all the dots were identical in size
and chromaticity.

subunits (Ungerleider & Desimone, 1986; Van Essen &
Gallant, 1994; Gilaie-Dotan, 2016).
The CBBC model makes it explicit that there could
be imbalance between the eyes at the input to and
within (MT) regional motion detectors and shows how
this imbalance could interact with two classes of (V1)
local-motion-selective detectors. The model does not
make a speciﬁc prediction; rather, it reveals that a
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Fourteen human observers (four females and 10
males) between 20 and 53 years old with normal or
corrected-to-normal vision participated in the study
(mean age 6 SD ¼ 29.4 6 6.5). All observers were
students or faculty in the graduate programs at the
SUNY College of Optometry; their vision status was
self-reported. All observers passed the Randot stereogram test at 20 arcsec, conﬁrming binocular vision.
Observers S1 through S7 participated in Experiment 1;
observers S1, S2, S4, S5, S6, S8, and S9 participated in
Experiment 2; observers S1, S2, S4, S6, S8, and S10
through S14 participated in Experiment 3. Three of the
observers (S1, S2, and S3) were authors of the present
study, and the others were naı̈ve to the purpose of the
experiments.

Apparatus
Visual stimuli for the left and right eyes were
displayed side by side in a mirror stereoscope on an HP
23-in. LED-backlit LCD monitor. Stimuli were controlled by MATLAB (MathWorks, Natick, MA) with
the Psychophysics Toolbox Version 3 extensions
(Brainard, 1997; Pelli, 1997; Kleiner, Brainard, & Pelli,
2007) on a PC running under the Windows 7 operating
system. The display was refreshed at 60 Hz, so the time
between video frames was 16.7 ms. The monitor
resolution was 1920 3 1080 pixels. The left and right
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halves of the monitor were only visible to the left and
right eyes, respectively. To help lock fusion, stimuli for
each eye was displayed in a 108 aperture surrounded by
a high contrast checker frame (see Figure 2), and
observers were instructed to maintain the alignment of
nonius lines while ﬁxating. The viewing distance was
114 cm. The lowest and the highest luminance levels of
the monitor (0.4 cdm2 and 228.3 cdm2) were deﬁned as
black and white, respectively. The background color
was set to gray at 25% of white (57 cdm2) for the entire
study. Head position of the observer was stabilized
using a chinrest. Observers were instructed to respond
to the visual stimulus on each trial by pressing one of
two buttons on a number pad. A pair of speakers
provided auditory feedback to indicate if the response
was correct. To prevent visual distraction, the experiment room and furniture were black, and the room
light was off during the experiment.

Procedure
The procedures complied with The Declaration of
Helsinki and were approved by the Institutional
Review Board at the SUNY College of Optometry. The
general purpose of the study was explained to each
observer, and written consent was obtained prior to the
observer’s ﬁrst experimental session. The study consisted of three experiments, all using random-dot
kinematograms stimuli. On a given trial in any
experiment, ‘‘signal dots’’ all moved in the same
direction, either up or down. ‘‘Noise dots’’ either (a)
moved in random directions at the same speed as signal
dots, in the case of ‘‘continuous motion’’, or (b) were
single dots displayed for one stimulus frame, in the case
of ‘‘two-frame motion.’’ In two-frame motion, the
maximum lifetime of each dot was 67 ms (two stimulus
scenes consisted of four display frames). Dot positions
were not updated on each refreshed frame of the 60 Hz
display, but rather on every other frame, so dot lifetime
was either 33 ms (stationary noise dots lasting two
display frames) or 67 ms (signal dots lasting four
display frames, that moved between frames 2 and 3).
The different viewing conditions distributed signal
and noise dots differently to the two eyes, as illustrated
in Figure 2. Six viewing conditions are schematized in
Figure 2; they differed from one another by adhering to
the following constraints:





Monocular (M): all 100 dots displayed to just one
eye.
Segregated (S): all signal dots displayed to one eye
and all noise dots to the other eye.
Balanced (B): both signal and noise dots distributed equally to both eyes; 50 dots total in each eye.
Duplicate (D): all 100 dots displayed to each eye;
the two eyes had duplicate scenes.
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Segregated-signal balanced (SSB): signal and noise
dots in one eye, but only noise dots in the other
eye, with 50 dots total in each eye.
Segregated-signal imbalanced (SSI): signal and
noise dots in one eye, but only noise dots in the
other eye, with 76 and 24 dots in these two eyes,
respectively.

Table 1 shows how the experiments differed from one
another in terms of the viewing conditions tested and other
parameters suchasthe type of dot motion, andthe staircase
variable used to measure threshold. For both percent
coherence (Experiments 1 and 3) and signal-to-noise
contrast ratio (Experiment 2) measurement, each threshold was measured by an 80-trial 3-down-1-up staircase.
The stimulus duration of each trial was always 300 ms.
Signal motion was upward or downward, at random, on a
given trial. The observer’s task was to respond seeing
upward or downward global motion of the stimulus by
pressing buttons. Then from each staircase, a threshold
could be estimated by ﬁtting a probit psychometric
function that maximized likelihood of the staircase data.
In the case of percent coherence threshold measurement, to compensate for bias in responding, the
fraction coherence threshold was an average of two
percent-coherence values: that for 82% upward responding and that for 82% downward responding.
These values were obtained by ﬁtting a probit curve
that ﬁtted the probability of answering ‘‘upward
motion’’ as a function of fraction coherence ranged
from 1 (when all dots moved downward) to 1 (when
all dots moved upward). In the case of signal-to-noise
contrast ratio threshold measurement, the psychometric function was ﬁtted as the probability of correct
answer, and threshold was estimated as the signal-tonoise contrast ratio at 82% correct.
In the monocular, segregated, segregated-signal
balanced, and segregated-signal imbalanced conditions,
both situations of signal-in-left-eye and signal-in-righteye were tested with intermingled trials. This design
discouraged a closing-one-eye strategy in binocular
tasks. During data analysis, thresholds from signal-inleft-eye and signal-in-right-eye were averaged within
each viewing condition.
Each threshold was measured twice in Experiments 1
and 3, or four times in Experiment 2, and the results
were averaged.

Experiment 1
Methods
In Experiment 1, we measured the threshold for
global percent coherence at two levels of dot contrast
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Figure 3. Threshold SNR comparison between monocular, segregated, and balanced conditions. A more negative threshold SNR
reflects lower coherence threshold and better performance. The two panels plot data when all dots in the display had either high
contrast (a) or low contrast (b). Each series connects three data points that are the threshold SNRs from one observer when tested at
a given dot displacement. Data from each observer are shown with a unique marker shape. Colored solid lines, dashed lines, and
black dotted lines plot data for dot displacements of 1.28/s, 3.38/s, and 8.18/s, respectively.

(Weber contrast 1.0 and 0.1), three levels of dot
displacement (8, 12, and 20 pixels per frame, equivalent
to 1.28/s, 3.38/s, and 8.18/s), and in three viewing
conditions (monocular viewing with stimulus in the left
or the right eye, segregated viewing with signal in the
left or the right eye and noise in the other eye, and
balanced viewing). Combining across eye of presentation there were 2 3 3 3 3 ¼ 18 conditions. The signal-tonoise contrast ratio, deﬁned as the contrast of the signal
dots divided by the contrast of the noise dots, was set to
1.
With long dot lifetimes, single dots or a small group
of dots can be attended to and tracked over time, which
could make it easier to identify the motion direction of
signal dots. To eliminate selective tracking as a possible
strategy, we used two-frame dot motion, for which the
maximum possible percent coherence, deﬁned as the
percentage of dots on a refresh frame that are replaced
by a paired dot in the deﬁned motion direction, was
50%. In this two-frame motion stimulus, any signal dot
would have disappeared before it could be tracked
using attention. We tested one signal-dot displacement
magnitude in a given session, and two contrast levels
(blocked), while the viewing conditions were randomly
intermixed.

Results
Figure 3 plots individual observers’ coherence
thresholds from Experiment 1 as a function of viewing
condition.
Panels (a) and (b) show data from the high and low
contrast levels, respectively. For the monocular and
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segregated conditions, data from situations of signal in
left eye and signal in right eye were averaged.
Panel (a) shows that performance in the segregated
condition was better as compared to the monocular
and balanced conditions at high contrast, but not at
low contrast. This beneﬁt of segregation was most
evident for the two larger displacements (speeds).
Thresholds of slow dots (1.28/s) are also generally
higher in Panel (a) than in Panel (b), whereas
thresholds of medium and fast dots (3.38/s and 8.18/s)
are generally higher in Panel (b). These results agree
with Seitz, Pilly, and Pack (2008), who reported that
increasing the luminance contrast caused an improvement in performance (direction judgments became
more accurate) for large two-frame displacements (fast
dots), but worsened performance for small displacements (slow dots).
To ascertain the reliability of this difference, we did a
repeated measures ANOVA on threshold SNRs with
Dot Displacement, Contrast, and Viewing Condition as
factors. The ﬁrst order effects were signiﬁcant for Dot
Displacement, F(2, 12) ¼ 49.6, p , 0.0001, and Viewing
Condition, F(4, 24) ¼ 11.5, p , 0.0001, but not for
Contrast, F(1, 6) ¼ 1.06, p ¼ 0.34. The interaction
between Dot Displacement and Viewing Condition was
not signiﬁcant, F(8, 48) ¼ 1.27, p ¼ 0.28. However, the
interaction between Contrast and each of the other two
factors was signiﬁcant, F(2, 12) ¼ 12.6, p ¼ 0.001 for
Contrast and Dot Displacement; F(4, 24) ¼ 10.2, p ,
0.0001 for Contrast and Viewing Condition. The threeway interaction between Dot Displacement, Contrast,
and Viewing Condition was also signiﬁcant, F(8, 48) ¼
5.02, p ¼ 0.0001.
We found that large individual differences are a
particular characteristic of the low speed, high contrast
condition. For example, in Figure 3a some data have a
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Figure 4. Difference of threshold SNR between low and high contrasts as a function of displacement. A positive difference reflects a
benefit (better performance) at high contrast. (a) Observers’ average performance across viewing conditions. (b) Viewing
conditions’ average performance with the standard error across observers. The three colors and line styles (gray solid line, red
dashed line, and green dot line) correspond to the three groups of viewing condition (‘‘M’’ for monocular, ‘‘S’’ for segregated, and
‘‘B’’ for balanced). Error bars in panel (a) show the mean of the subject SEs at each spatial displacement. Error bars in panel (b) are
SE across subjects.

decibel SNR of 0 for threshold: The observer was at the
maximum SNR, with a value of 1. It was therefore
reasonable to redo ANOVA excluding the lowest speed
condition. After this adjustment, the ﬁrst order effects
were signiﬁcant for Viewing Condition, F(4, 24) ¼ 9.40,
p ¼ 0.0001, and Contrast, F(1, 6) ¼ 10.8, p ¼ 0.017, but
not for Dot Displacement, F(1, 6) ¼ 4.83, p ¼ 0.07. The
interaction between Dot Displacement and Viewing
Condition was not signiﬁcant, F(4, 24) ¼ 1.84, p ¼
0.154. The interaction between Contrast and each of
the other two factors was still signiﬁcant, F(1, 6) ¼ 11.5,
p ¼ 0.015 for Contrast and Dot Displacement; F(4, 24)
¼ 19.1, p , 0.0001 for Contrast and Viewing Condition.
The three-way interaction between Dot Displacement,
Contrast, and Viewing Condition was no longer
signiﬁcant, F(4, 24) ¼ 0.28, p ¼ 0.888.
Figure 4 replots the data from Figure 3 as a
difference in threshold SNR between low and high
contrasts, as a function of dot displacement.
In Figure 4, panel (a), the effect of contrast is plotted
as a function of spatial displacement for each observer
separately, collapsing across all viewing conditions. A
positive value for the ordinate indicates a beneﬁt at
high contrast, and a negative value indicates a beneﬁt at
low contrast. Four observers (S3, S4, S6, and S7) had
worse performance at high contrast at the smallest
displacement but had better performance at high
contrast at large displacement, in agreement with Seitz
et al. (2008); two observers (S1 and S5) had better
performance at high contrast for all displacements; and
one observer (S2) had better performance at high
contrast, but only at the largest displacement. Figures 3
and 4 show that observers behaved more similarly to
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one another at high speed than at low speed, both in
terms of absolute threshold (Figure 3) and in terms of
the effect of contrast (Figure 4).
Figure 4, panel (b) plots the mean effect of contrast
across observers as a function of spatial displacement,
with a separate series for each viewing condition.
Within every viewing condition the contrast effect went
from negative to positive as the spatial displacement
was increased from 1.28/s to 8.18/s, showing that the
cross-over interaction between contrast and spatial
displacement is robust to the viewing condition. Yet the
slope of the segregated-condition data appears to be
larger than the slopes for the other two conditions. This
was conﬁrmed by a posthoc t test: size of Contrast
Beneﬁt at Dot Displacement of 1.2 vs. 8.1, t(6) ¼
3.7081, p ¼ 0.01.

Experiment 2
Methods
Experiment 1 showed an advantage for segregating
signal and noise to different eyes when contrast was
ﬁxed, and percent coherence was the staircase variable.
To test the robustness of this ﬁnding, in Experiment 2
we measured the effect of viewing condition using a
ﬁxed percent coherence (8%) and continuous dot
motion, with contrast ratio as the staircase variable.
We tested seven observers at four dot speeds (4.28/s,
8.48/s, 12.68/s, and 16.88/s) under monocular, segregated, and balanced conditions, and a new ‘‘duplicate’’
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Figure 5. Threshold log10 signal-to-noise luminance contrast ratio comparison among monocular (M), segregated (S), balanced (B),
and duplicate (D) conditions for display of signal and noise dots. Blue circles, red stars, black diamonds, and yellow triangles are data
from four spatial displacements (4.28/s, 8.48/s, 12.68/s, 16.88/s), respectively. The first seven panels are individual observers’ data, and
the last panel is the average performance across the seven observers. Error bars are SEs.

condition in which each eye saw the same set of 100
dots that included both signal and noise.

Results
Figure 5 plots the 82% correct threshold signal-tonoise luminance contrast ratio in log10 units for the
monocular, segregated, balanced, and duplicate conditions. For the monocular and segregated conditions,
data were pooled across signal in the left eye and signal
in the right eye. A threshold value of 0 indicates that
the luminance of signal and noise were the same. A
positive or a negative threshold indicates that the signal
dots had greater or lower luminance than the noise
dots, respectively. Experiment 2 shows that the
segregation beneﬁt was robust to the choice of staircase
variable used to assess it.
All observers showed a remarkable segregation
beneﬁt that was ampliﬁed at higher spatial displacements. We ran a repeated measures ANOVA with
Spatial Displacement and Viewing Condition as
factors. The threshold value for signal-to-noise contrast
ratio was signiﬁcantly lower (better) with larger spatial
displacement, F(3, 12) ¼ 13.2, p ¼ 0.0004, and in the
segregated viewing condition, F(5, 20) ¼ 130.3, p ,
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0.0001. The interaction between Spatial Displacement
and Viewing Condition was also signiﬁcant, F(15, 60) ¼
6.375, p , 0.0001.
By comparison, performance in the duplicate condition was similar to performance in the monocular and
binocular conditions. This result replicates Hess et al.
(2007), who previously compared performance across
monocular, segregated, and duplicate viewing conditions and found no difference except at threshold-level
luminance contrast. In the CBBC Model (Figure 1), the
effect of the duplicate condition is to place more
motion energy into the two eyes’ Pinwheels regions,
and to increase the motion energy in the binocular
Nonpinwheel regions. Evidently, our displays had
sufﬁciently high contrast not to show a beneﬁt of
binocular summation; the signal-to-noise ratio in the
representation of the stimulus was equal to the signalto-noise ratio in the display itself. As expected,
performance was not different for the duplicate
condition.
Results from Experiments 1 and 2 demonstrate a
beneﬁt of segregating signal and noise dots into
different eyes at high contrast and high spatial
displacement. Three ways this beneﬁt could come about
are monocular luminance gain control, interocular
contrast gain control, and/or monocular bias in global
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Figure 6. Interocular imbalance of the inputs to regional motion integrators, such as single neurons in area MT, could lead to a benefit
for detecting signals that are segregated to a different eye from noise. The square panel on the left shows the stimulus with signal
dots (with blue arrows) in the left eye and noise dots (red arrows) in the right eye. Area V1 then extracts monocular local motion
signals, which contribute to the receptive fields of three regional motion detectors, presumably in area MT, shown by the three
circular panels on the right. These regional detectors are integrators that all respond to upward signal, but they have different ocular
dominance. Cell 1 (left) gives greater weight to left-eye local motion signals. Cell 2 (middle) gives them equal weight. Cell 3 (right)
gives greater weight to right-eye signals. Thus, Cell 1 is protected from noise in the right eye. Cells 1, 2, and 3 can be thought of as
corresponding to cell types 1–3, 4, and 5–7, respectively, in the Hubel et al. (1968) ocular dominance scale, that runs from 1 (response
to stimuli in left eye only) through 4 (equal response to either eye) to 7 (response to right eye only).

motion integrators. The mechanisms to account for
these effects are related to certain stages along the
motion processing cascade. Monocular luminance gain
control could explain the beneﬁt in the sense that,
because there were more noise dots in the noise eye
than signal dots in the signal eye, each noise dot could
have become relatively less effective as compared to a
signal dot before binocular combination. This could
happen at retina, LGN, or V1 (Shapley & EnrothCugell, 1984; Truchard, Ohzawa, & Freeman, 2000).
Interocular contrast gain control is useful to explain the
appearance of dichoptic stimuli (Ding & Sperling, 2006;
Ding et al., 2013), but if it acts within V1 mechanisms,
which are small in size, it is not likely to explain effects
in our experiments because a given V1 neuron would
typically have responded to at most one signal dot or
noise dot, from just one eye, so it would not distinguish
between stimuli from one eye or the other based on the
number of dots per eye.
The third explanation for the segregation beneﬁt is
our new proposal, that it depends on monocular bias in
regional motion integrators at a site downstream from
V1. This idea is illustrated in Figure 6. In this example,
a stimulus in the segregated viewing condition has
signal dots displayed to the left eye and noise dots
displayed to the right eye. Three hypothetical MT
neurons with different ocular dominance receive the
afferent input from V1. Cell 1 is categorized in ocular
dominance groups 1 through 3 (Hubel & Wiesel, 1968)
and has monocular bias towards the left eye; therefore
it gives greater weight to local motion from the left eye
and does not see noise dots well. Cell 2 is categorized in
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ocular dominance group 4 and has no monocular bias,
so it gives equal weight to all local motion. Cell 3 is
categorized in ocular dominance groups 5 through 7
and has monocular bias towards the right eye, so it
gives greater weight to local motion from the right eye
and does not see signal dots well. Among all the three
regional motion integrators, only Cell 1 would respond
well to the signal in the left eye without much
interference by noise dots in the right eye.
Downstream, a global motion detector for upward
motion, such as a cell in area MST, that collects the
responses from regional upward-motion detectors,
would respond to the upward motion based on output
from Cell 1. Similar imbalance in the regional detectors
for downward motion would not cause any of those
detectors to respond strongly to this stimulus, giving
rise to better performance for segregated stimuli.

Experiment 3
Methods
In Experiment 3 we tested whether monocular biases
in regional motion detectors and/or monocular gain
control, induced by imbalance of dot numbers in the
two eyes, contribute to the segregation effect. We
compared performance in three conditions: (a) a
‘‘balanced’’ condition in which the number of signal
dots was the same in each eye and the number of noise
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dots was also the same in each eye; (b) a ‘‘segregatedsignal balanced’’ (SSB) condition in which the total
number of dots in each eye was the same, but with all
signal in one eye; and (c) a ‘‘segregated-signal
imbalanced’’ (SSI) condition, in which the noise eye
always had 24 noise dots, and the signal eye always had
76 dots that included all signal dots together with the
remaining noise dots. In condition SSB the maximum
possible percent coherence was 25%, because half of the
dots were shown to each eye, but all signal was in one
eye. In condition SSI the maximum possible percent
coherence was 38%.
If there is monocular bias, then putting all signal in
one eye should be beneﬁcial. Otherwise, monocular
luminance gain control alone can be presumed responsible for the segregation beneﬁt. On the other
hand, if having fewer dots in the signal eye explained
the segregation beneﬁt in the S condition, then having
fewer dots in the ‘‘pure-noise’’ eye would give beneﬁt to
dots in the noise eye, hurting performance in the SSI
condition compared to the other conditions.
Monocular and segregated conditions were included
as well, for comparison, so there were ﬁve conditions
(M, S, B, SSB, and SSI). The threshold value for
percent coherence was measured at high contrast
(Weber contrast 1.0) and at the largest dot displacement from Experiment 1 (8.18/s). Ten observers
participated. Other aspects of the experimental design
were the same as in Experiment 1.

10

0.089). These results show that dots from the eye with
fewer dots had a greater effect during binocular
combination, no matter whether they were signal dots
(S) or noise dots (SSI). Thus, some part of the
segregation beneﬁt can be attributed to monocular gain
control that reduced the contributions of the dots from
the eye that saw more dots

General discussion
Efﬁciency of global motion perception after binocular combination can be measured by global percent
coherence thresholds or by signal-to-noise contrast
ratio thresholds. We made these measurements across a
range of values for several stimulus parameters:
luminance contrast, spatial displacement (dot speed),
dichoptic viewing condition, and percent coherence. As
expected, the data ruled out separate global motion
estimates for each eye: When dots had low contrast or
low speed, noise dots were equally effective to disrupt
performance whether they were in the same eye as
signal or the other eye; at high contrast and high speed,
however, noise was more effective when presented in
the same eye as signal. We now consider various effects
and interactions between the stimulus parameters.

Interaction between contrast and dot speed
Results
Individual results and the average performance
across observers are shown in the left and the right
panels of Figure 7, respectively. This experiment
replicated the segregation beneﬁt from Experiments 1
and 2 in eight out of 10 observers (not S11 or S14). The
SSB condition did not show any signiﬁcant beneﬁt as
compared to the B condition, but for eight of 10
observers, performance in the SSI condition was indeed
worse than in the B condition (not S4 or S6).
The right panel of Figure 7 shows observer means
for each condition. Repeated measures ANOVA shows
a signiﬁcant effect of Viewing Condition, F(4, 36) ¼
5.631, p ¼ 0.0013. Then paired-sample t test was used to
look at pairwise Viewing Condition effects. Performance in the balanced condition was similar to that of
the monocular condition (p ¼ 0.15). Performance in the
segregated condition was again better than in the other
conditions (paired t tests comparing S to: M, p ¼ 0.006;
SSI, p , 0.0001; B, p ¼ 0.046; SSB, p ¼ 0.035). There
was no segregation beneﬁt in either the SSB or SSI
condition, relative to M or B. Performance in the SSI
condition was worse than in the B condition (p ¼ 0.002)
and marginally worse than in the M condition (p ¼
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We found, regardless of viewing condition, an
interaction between luminance contrast and dot spatial
displacement, in agreement with Seitz et al. (2008).
High luminance contrast was helpful when the displacement of dots was large, but harmful when
displacement was small. Seitz et al. (2008) gave a
possible neurophysiological explanation for this effect,
relating it to previous studies of single unit activity in
monkey brain area MT. We extended their human
psychophysical ﬁndings beyond monocular and binocular viewing conditions to a segregated viewing
condition (Figure 4).
The main interaction is still of signiﬁcant interest,
quite apart from its further interaction with segregated
viewing. In our experiments, the speed at which
increased contrast went from being harmful to being
helpful was about half of that reported by Seitz et al.
(2008); this speed was between 0.138/frame and 0.278/
frame (60 Hz) in the various conditions their experiments (from their Figures 1 and 2), and between 0.118/
frame and 0.278/frame (30 Hz) in our experiments
(Figure 4). These transition points are within the same
order of magnitude as one another, and small
differences could be expected given differences between
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Figure 7. Signal-to-noise ratio and percent coherence threshold comparison between monocular (M), segregated (S), balanced (B),
segregated-signal balanced (SSB), and segregated-signal imbalanced (SSI) viewing conditions. The left panel shows individual results;
each color and marker shape show data from one observer. Each marker shows the average threshold across the observer’s two eyes
and across the two repeated measures. The right panel plots average performance across observers. The open black circles with error
bars are population mean values within one standard error that was calculated after subtraction of the individual average across
viewing conditions for each observer.

the experiments in background luminance and other
stimulus attributes.
Seitz et al. explained this interaction as reﬂecting the
operation of mechanisms that maximize information
transmission efﬁciency by suppressing large slow
stimuli with redundant information at high contrast,
and preserving redundancy for better spatial and
temporal pooling at low contrast, along lines similar to
the explanation given by Tadin, Lappin, Gilroy, and
Blake (2003) for their observation of greater surroundsuppression at high contrast. Indeed, low contrast
causes expanded spatial summation and sharpens the
spatial frequency tuning of neurons in primate area V1
(Sceniak, Ringach, Hawken, & Shapley, 1999; Sceniak,
Hawken, & Shapley, 2002). A difﬁculty for this
explanation in the case of RDK stimuli, however, is
that both signal dots and noise dots were affected by
the changes in contrast. Why should increasing the
contrast make it easier to extract the signal when, by
deﬁnition, the signal-to-noise ratio in the stimulus did
not change?
A plausible explanation is that in our stimuli and
those of Seitz et al., the signal was narrowband,
whereas noise was broadband. We suppose that two
different populations of V1 neuron, tuned respectively
to high contrast and high speed, and to low contrast
and low speed, extracted motion energy from the
stimuli. Because noise dots were unpaired (as opposed
to having deﬁned motion directions), they did not have
a speed, and the speed of the signal dots would not
have affected neuronal responses to noise dots. As a
result, the signal-to-noise ratio at low contrast would
have been better at low speed than at high speed, and
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the signal-to-noise ratio at high contrast would have
been better at high speed than at low speed.
This explanation could account not only for the
interaction between contrast and speed, but also for the
triple interaction whereby segregated viewing is additionally beneﬁcial at high contrast and high speed (see
Figure 4, above, and Relationship to V1 functional
tiling, below). Hess et al. (2007) found no overall
beneﬁt of segregation at a dot speed of 5.98/s. The
beneﬁt of segregation appeared in our experiments
most clearly at higher dot speeds (8.18/s in Experiments
1 and 3; and 8.48/s, 12.68/s and 16.88/s in Experiment 2).
Thus, dot speed can account for the difference in
segregation beneﬁts between our results and those of
Hess et al.

Monocular bias in motion integrators
In primate vision, most neurons beyond the input
layer of primary visual cortex respond to input from
either eye, so that the system is mostly binocular (Hubel
& Wiesel, 1970; Poggio & Fischer, 1977; Maunsell &
Van Essen, 1983c; Burkhalter & Van Essen, 1986;
Felleman & Van Essen, 1987; Poggio, Gonzalez, &
Krause, 1988; Roy, Komatsu, & Wurtz, 1992; DeAngelis, Cumming, & Newsome, 1998). To explain the
segregation beneﬁt in dichoptic RDK, we proposed a
role for monocularly biased regional motion integrators (Figure 6). Our Experiment 3 was inconclusive;
nevertheless, ocular dominance in area MT would
enable a better extraction of motion signal in the
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segregated viewing condition than in the monocular
viewing condition or the balanced viewing condition,
and this idea agrees with the known neurophysiology.
Maunsell and Van Essen (1983c) showed a distribution of ocular dominance in 91 MT neurons from
macaque monkeys with normal binocular vision. In
their data, about 45% of the neurons were unbiased
(group 4: one eye caused within 1.5 times response of
the other eye); 21% of the neurons had clear ocular
dominance (groups 1, 2, 6, 7: for which one eye caused
3 times or more response than the other eye), although
those with stronger ocular dominance had weaker
responses in general. Kiorpes, Walton, O’Keefe,
Movshon, and Lisberger (1996) and El-Shamayleh,
Kiorpes, Kohn, and Movshon (2010) studied the
distribution of ocular dominance of 218 neurons in
area MT, also in macaque monkeys. Normally sighted
and strabismic monkeys both had MT neurons
distributed across the ocular dominance groups from
left-eye dominance (groups 1 to 3) to right-eye
dominance (groups 5 to 7), although the width of
ocular dominance distribution of the normal monkeys
was much narrower (ﬁgure 9 from Kiorpes et al. (1996),
and ﬁgure 2 from El-Shamayleh et al. (2010)).
Ocular dominance in MT neurons presumably
derives from asymmetric input from monocular cells in
the lateral geniculate nuclei and cells with ocular
dominance in cortical area V1. The absence of complete
monocularity in MT, and/or the manner in which MT
unit activities are read out, may account for the limited
nature of the segregation effect in people with normal
binocular vision–in other words, why it is that pure
signal in one eye can be masked by pure noise in the
other.

Relationship to V1 functional tiling
While monocular bias in regional motion detectors
could account for the beneﬁt of segregation, it remains
unexplained why this beneﬁt was observed only when
dots had both high contrast and high speed. It is
unlikely that this dependence emerges at the level of the
regional motion detectors themselves, because that
would require the MT neurons to be of two sorts, with
some MT neurons being tuned for high contrast and
high speed and having monocularly biased inputs, and
others being tuned for low contrast or low speed and
having binocularly balanced inputs. We know of no
evidence for that being the case. However, we speculate
that known properties in the joint encoding of
direction, speed, and contrast by neurons in V1 may
explain this dependence: MT neurons may inherit their
blindness to eye-of-origin, for low contrast and low
speed stimuli, from upstream neurons in V1.
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The argument goes as follows: In mammals, spatial
frequency tuning, orientation tuning, and ocular
dominance are not independently distributed in V1.
Instead, neurons are clustered, so that when maps are
drawn for each of these stimulus properties, the tuning
patterns vary across the cortical surface. First, cortical
iso-orientation domains are laid out geographically
such that orientation tuning progresses either around a
pinwheel, or linearly (nonpinwheel) (Bonhoeffer &
Grinvald, 1991). Second, low spatial frequency regions
overlap with low binocularity (strong ocular dominance), and high spatial frequency regions overlap with
high binocularity (weak ocular dominance; Nauhaus,
Benucci, Carandini, & Ringach, 2008; Nauhaus,
Nielsen, & Callaway, 2016). The orientation tuning
map is orthogonal to both the spatial frequency tuning
map and the ocular dominance map, so orientation
tuning is balanced across spatial frequency and ocular
dominance. However, the speciﬁcity (narrowness) of
the orientation tuning is not homogeneous. The
pinwheel regions show tuning for low spatial frequency
with less cross-orientation suppression and a more
linear response to contrast, whereas nonpinwheel
regions show tuning for high spatial frequency with
more cross-orientation suppression and a response to
contrast that saturates earlier Koch et al. (2016). These
features of functional structure for the two types of
region in V1 are listed in Table 2.
These response characteristics can be related to local
motion extraction. For many V1 neurons, local motion
direction selectivity arises from orientation selectivity
and is orthogonal to it (Hubel & Wiesel, 1968; Adelson
& Movshon, 1982; Albright, 1984; Movshon &
Newsome, 1996; Gur & Snodderly, 2007), although the
exact relationship between orientation maps and
direction maps varies across species (reviewed by
Nauhaus & Nielsen, 2014). As a result, we can identify
orientation selectivity with motion direction selectivity.
Furthermore, neurons that are broadly tuned for
orientation will be broadly tuned to direction. At a
given temporal frequency, low spatial frequency tuning
is necessary for high-speed tuning, so in combination
with the second property above, fast motions will tend
to be detected by V1 neurons that show ocular
dominance, while slower motions will be detected by
neurons that are more binocularly driven.
Meier and Giaschi (2014, 2017) have recently shown
that the time course for development of global motion
perception in RDK during childhood is different for
large- and small-displacement stimuli. Global motion
was detected with adult-like performance in young
children for stimuli with a dot displacement of 5 or 30
arcmin per frame (regardless of frame rate), but adultlike performance did not emerge for 1 arcmin
displacements until about age 16. This ﬁnding provides
additional evidence for the existence of two pathways
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Within ocular dominance columns
(more monocular)
Cortical organization of iso-orientation
domains
Spatial frequency tuning
Cross-orientation suppression
Contrast response linearity
Selectivity of neuronal orientation
tuning
Implication for speed and contrast
encoding
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Between ocular dominance columns
(more binocular)

Pinwheels with neurons tuned to many
orientations
Prefer lower spatial frequency, more of
low-pass response profile
Less cross-orientation suppression
Relatively linear response to contrast
Broader orientation tuning

Progressive orientation tuning in a
linear direction
Prefer higher spatial frequency, bandpass response profile
More cross-orientation suppression
Nonlinear response to contrast
Narrower orientation tuning

Better for representing high speed high
contrast stimuli

Better for representing low speed low
contrast stimuli

Table 2. Functional features comparison between monocular and binocular zones of V1.

that contribute separately to global motion perception.
We speculate that binocular zones in V1 take longer to
fully develop, or that their outputs require a longer
period of development to be utilized efﬁciently by MT
neurons, as compared to monocular zones that respond
to larger displacements.
Putting all of these facts together, we see that
pinwheel neurons show ocular dominance, narrow
tuning for direction, increasing response as contrast
increases, and preference for high speed. MT cells that
are not binocularly balanced will inherit from these V1
neurons the ability to discriminate upwards from
downwards motion with special sensitivity, provided
that the signal and noise dots are segregated to
different eyes, and provided the dots have high
contrast and high speed. On the other hand, nonpinwheel neurons show binocularity, broad tuning for
direction, a response that saturates at low contrast,
and a preference for low speed. MT cells, whether
binocularly balanced or not, must use as their input
the output from these neurons when stimuli are slow
or have low contrast, and because they are binocular,
there can be no exclusion of noise by MT neurons on
the basis of segregation.

Segregation benefit and monocular gain control
We have developed an explanation for the effect of
segregation that appeals to ocular imbalance at the
site of combination by regional motion detectors.
That explanation is in agreement with known neurophysiology. However, from Experiment 2 we were
forced to conclude that some part of the beneﬁt of
segregation—perhaps a large part of it—resulted from
making signal dots more effective by presenting fewer
total dots to the eye that sees signal. If monocular gain
control reduces the effectiveness of any dot, whether
signal or noise, in the dot-majority eye, then relative
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performance would be ordered as we have seen: S .
SSB ¼ M ¼ B . SSI.
Is this monocular-gain-control explanation of the
segregation effect consistent with the observation that S
¼ M ¼ B when dots have low contrast or low speed? It
seems possible in principle that a gain control
mechanism would exhibit an accelerating nonlinearity
as a function of motion energy, which increases with
dot number, dot contrast, and dot speed. In that case
there could indeed be no penalty for dots that share an
eye with many other dots, at low contrast or low speed.
Only when total motion-energy was high enough would
the gain control engage to reduce the dots’ effectiveness
as compared to those in the eye with fewer dots. We
have not added additional dots to just one eye, so we
have limited ability to make inferences about the effects
of per-eye dot numbers per se.
Given that we used light dots on a black background, luminance could also have had a monocular
gain control effect. Shapley and Enroth-Cugell (1984)
suggested that perceptual sensitivity is reduced when
luminance gain goes down as a consequence of an
increase in background luminance, and Ding and Levi
(2015) included a monocular luminance gain control
stage in their model. In our condition S, having more
dots in the noise eye caused luminance to be greater in
that eye as compared to the signal eye, which might
have given some beneﬁt to signal dots in later stages
after binocular combination.
These gain-control explanations are a bit paradoxical: One might predict that the eye with more dots,
and thus greater contrast and motion energy, would
inhibit the eye with fewer dots. Interocular suppression and rivalry both work this way, opposite to what
we observed. Evidently, for the brief displays used in
our experiment, monocular gain control played a
greater role than did rivalry, or interocular suppression of the lower dot number eye by the higher dot
number eye.
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Further comments on binocular combination
No benefit of binocular viewing
Hess et al. (2007) found that percent coherence
thresholds were lower for binocular viewing than for
monocular viewing, whereas we found them similar.
However, their binocular condition differed from ours
because it had very low contrast (0.02 Michelson
contrast). Under those conditions, internal noise would
have limited the process of measuring dot motions, and
more so in their monocular condition. Presenting the
dots binocularly did not change the signal-to-noise ratio
of the stimulus itself, but binocular contrast summation
would have caused each dot’s motion to be measured
more precisely. Thus, internal noise from sensory
encoding would have caused a difference between their
monocular and binocular conditions that would not be
predicted for our higher contrast stimuli, for which
performance was limited in all viewing conditions by the
signal-to-noise ratio for percent coherence (Experiments
1 and 3) or dot contrast (Experiment 2).
Binocular rivalry
When a visual stimulus supports the perception of
two surfaces in the same location, perceptual rivalry
between the surfaces can occur. One might ask whether
the beneﬁt of segregation resulted from this sort of
rivalry. This explanation is unlikely. For two surfaces to
rival, the visual system must be able to construct distinct
representations of the two surfaces, respectively. However, in our stimuli there was no common property
available for the binding of dots in one eye to each other,
except for their having been presented to the same eye.
Furthermore, binocular rivalry depends on attention to
stimulus features (Mitchell, Stoner, & Reynolds, 2004;
H.-H. Li, Rankin, Rinzel, Carrasco, & Heeger, 2017).
Therefore, our random dot stimuli were designed to
minimize rivalry: The duration of the stimulus was short
(300 ms), and we used two-frame motion. Shortduration stimuli encourage fusion and discourage rivalry
(Wolfe, 1983; Paffen, Alais, & Verstraten, 2006;
Robertson, Kravits, Freyberg, Baron-Cohen, & Baker,
2013). Second, dot density was low, so a dot seen by one
eye generally had spatial overlap with blank display in
the other eye. Finally, observers reported being able to
simultaneously see dots presented to both eyes, and they
did not report being able to see the signal dots in
percepts with relatively fewer dots, as would have been
the case for rivalry between the low-density, signal-dot
eye and high-density, noise-dot eye.
Binocular combination in static stimuli versus RDK
For the perception of static patterns, the merging of
signals, as contrast is varied separately in the two eyes,
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can be described by the Ding-Sperling-Klein-Levi
model (the DSKL model), in which interocular
contrast gain-control plays an important role (Ding &
Sperling, 2006; Ding et al., 2013). These models
suggest that within a local region of the cyclopean
visual ﬁeld, each eye exerts gain control on the other
eye’s signal in proportion to the contrast energy of its
own input, and in addition exerts gain control on the
other eye’s gain control. Both of these mechanisms act
so that high contrast in one eye reduces contrast gain
for the other eye. A similar mechanism might, in
principle, operate during binocular local motion
extraction (Figure 1, ‘‘nonpinwheels’’ box) when
extracting global motion, but the binocular combination of motion signals during global motion perception need not use the same mechanisms as binocular
combination during static pattern perception. Thus,
the extent to which binocular combination of static
stimuli can inform our understanding of binocular
combination during global motion perception seems
limited.

Conclusion
Global motion perception is an essential function of
midlevel vision. It has recently been exploited to
measure interocular balance in amblyopia, using
stimuli that put noise and signal dots into different
eyes. We asked whether segregating signal and noise
dots to different eyes has an effect on performance, per
se. In normally sighted observers we found that
segregation does matter, but not for all stimuli, and
that known physiology can explain when the segregation beneﬁt occurs. There is a clear beneﬁt of
segregating signal and noise, but only for high contrast,
high-speed dots, and this interaction can be explained
by known properties of V1 functional segregation into
pinwheel and nonpinwheel regions, together with
imbalance in the inputs to regional motion detectors.
The explanation is consistent with previous reports that
high contrast is beneﬁcial only at higher dot speeds
(Seitz et al., 2008). Monocular gain control based on
the numbers of dots in each eye accounted for some of
the beneﬁt of segregation. Our experimental results are
consistent with a hybrid model we proposed (Figure 1)
that included both monocular gain control and
putative imbalance in the inputs of the regional motion
detectors. We suggest that some local motions (high
contrast, high speed) are transmitted to MT predominately before binocular combination while others (low
contrast, low speed) are transmitted predominantly
after combination, in agreement with results from
single unit recording.
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