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Motion is characterized by a series of positions an object traverses
over time. An object presented sequentially at two positions, with a
time delay between them, is sufficient for us to perceive motion1.
Likewise, depth can be signaled by two positions, one in each eye;
a difference in position between images in left and right eyes (binoc-
ular disparity) is sufficient to produce our perception of depth2.
Therefore, the extraction of motion and depth from retinal images
involves similar processes that could use a common encoding mech-
anism. Because the striate cortex is the first site along the central
visual pathways at which neural selectivities for direction of motion
and binocular disparity arise, neurons in this area may be involved
in joint-encoding of motion and depth. However, the encoding of
motion and that of binocular disparity have been studied sepa-
rately, and the issue of joint-encoding has not been addressed.

Here we establish that single neurons in the striate cortex
encode motion and binocular disparity jointly. This joint-encod-
ing is of direct relevance to a compelling and intriguing visual illu-
sion, the Pulfrich effect, which is described below. For this reason,
we first examine the neural basis of the Pulfrich effect to illustrate
the joint-encoding. We then determine a relationship between the
tuning properties of individual neurons for motion and binocular
disparity. This relationship is critical for determining whether
joint-encoding has an advantage over independent-encoding.

A pendulum swinging back and forth along a plane perpen-
dicular to an observer’s line of sight seems to follow an elliptical
path in depth when seen binocularly with a light-attenuating fil-
ter in front of one eye3. This phenomenon, the Pulfrich effect,
has been investigated extensively in psychophysics4–6 but mini-
mally in physiology7,8. It is known that the filter reduces the
transmission speed of neural signals in the filtered eye7–11, there-
by creating an interocular difference in signal latency. This in

turn changes the perceived depth of the pendulum11. However,
the neural mechanism that translates the interocular latency dif-
ference into the depth change is a matter of debate12.

The classical explanation of the Pulfrich effect is as follows3.
Because the neural signal from the filtered eye reaches the visu-
al cortex with a slight delay compared to the signal from the unfil-
tered eye, the pendulum position indicated by the signal in the
filtered eye falls slightly behind that in the other eye at a given
moment. This creates a spatial offset between the pendulum posi-
tions in the two eyes (binocular disparity), and shifts the appar-
ent depth of the pendulum (Fig. 1a). One possible mechanism
that underlies this process is a set of neurons tuned to various
interocular spatial offsets specified by signals arriving simulta-
neously from the two eyes (interocular spatial offset hypothesis,
Fig. 2a). This explanation is essentially based on simple stimu-
lus geometry (Fig. 1a), rather than a neural mechanism that con-
verts a delay in one eye to a change in the perceived depth.
Although it accounts for the standard Pulfrich effect, it falls short
of explaining Pulfrich-like phenomena such as those seen in
dynamic noise patterns containing no coherent motion13,14 and
stroboscopic stimuli with no interocular spatial offset5,6,15,16.
This suggests that a specific physiological process underlies the
Pulfrich effect and its related phenomena.

An alternative explanation is that the visual system uses the
latency difference between the neural signals originating from cor-
responding points on the two retinas to compute the depth of the
pendulum relative to the fixation depth6,17. An object moving either
in front of or behind the fixation plane stimulates a point on the
retina in one eye first and then its corresponding point in the other
eye (Fig. 1b). Therefore, the latency difference between the neural
signals from corresponding points may indicate a moving object
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Fig. 1. The Pulfrich effect. (a) A classical explanation of the Pulfrich effect. A light-
attenuating filter (gray rectangle) placed in front of one eye causes a time delay for the
neural signal in that eye. Therefore, the perceived position of the swinging pendulum in
the filtered eye (gray circle) falls slightly behind that in the other eye (open circle) for a
given moment, creating a spatial offset between the perceived images in the two eyes.
Left, when a pendulum swings to the right while the right eye is covered with a filter,
the spatial offset corresponds to a binocular disparity that shifts the perceived depth of
the pendulum toward the observer (hatched circle). Right, when the pendulum swings
to the left, the spatial offset corresponds to a binocular disparity that shifts the per-
ceived depth of the pendulum away from the observer (hatched circle). The amount of
the binocular disparity depends on the pendulum position along the fronto-parallel
plane because the speed of the pendulum motion varies with the position. Therefore,
the pendulum appears to move along an elliptical trajectory (solid arrow) in depth as it
swings back and forth on the fronto-parallel plane (dashed arrow). (b) A time delay
between stimulation of the corresponding points in the two eyes by a moving object.
An object moving to the right in front of the fixation plane F (or to the left behind the
fixation plane) stimulates a retinal point in the left eye (PL) first (at t1) and then, with
some time delay (at t2), the corresponding point in the right eye (PR). Therefore, a
latency difference between the neural signals from the corresponding points in the two
eyes may be used as a cue for a moving object not on the fixation plane. (c) Space–time
trajectories of an object moving along a constant depth plane at a constant speed. The
two solid lines indicate retinal positions of left and right eye images of the object over time, respectively. The horizontal distance between the two lines cor-
responds to the binocular disparity of the object, and the tilt of the lines from vertical indicates speed of the object motion. Interocular spatial offset and
time difference can be specified between any combination of two points on the two lines. For instance, the object position in the right eye at time t2 can
have interocular spatial offsets of D1, D2 and D3, and interocular time differences of ∆T1, ∆T2 and ∆T3, with each of the object positions in the left eye at
time t1, t2 and t3, respectively. There is a linear relationship between the interocular spatial offsets and time differences (inset).

not on the fixation plane. However, interocular latency difference
alone is not sufficient to determine the relative depth of the object;
for a given latency difference, the magnitude of the relative depth
depends on the speed of object motion, and the sign of the relative
depth is determined by the direction of object motion. To explain
the Pulfrich effect with this scheme, the visual system requires
mechanisms tuned to various interocular latency differences at cor-
responding points (that is, at zero interocular spatial offset), as well
as a mechanism that converts the latency differences into depth
changes according to the speed and direction of the pendulum
motion (interocular time difference hypothesis, Fig. 2b).

There is also a third possibility. Interocular spatial offset and
latency difference may both contribute to the determination of
the relative depth of the pendulum6,16,18. Consider an object
moving at a given depth. Left and right eye images of the object
traverse the retinas along the trajectories illustrated by the two
solid lines in Fig. 1c. Horizontal and vertical distances between
the two lines correspond to the interocular spatial offset and time
difference, respectively. Instead of detecting one of the distances
for a given space or time (as in the previous two hypotheses), the
visual system may integrate measurements of interocular spatial
offset and time difference for various combinations of two points
along the trajectories. Such a strategy is expected to produce a
robust signal of depth, because it uses information gathered over
a range of space and time. Because there is a linear relationship
between the interocular spatial offset and time difference 
(Fig. 1c, inset), this hypothesis predicts that neurons that carry

out this process exhibit a similar linear relationship in their tun-
ing functions (space–time integration hypothesis, Fig. 2c).

To test these hypotheses, we used an efficient receptive field
mapping technique19 and examined responses of neurons in the
cat’s striate cortex for various interocular spatial offsets and time
differences of stimuli. We found that most neurons exhibit tun-
ing that is consistent with the space–time integration hypothe-
sis (Fig. 2c). This supports the idea that motion and depth are
encoded jointly. We also found that these neurons are tuned to
specific combinations of stimulus speed and binocular dispari-
ty, suggesting that the joint-encoding carries information unavail-
able to independent-encoding of motion and depth. These results
indicate that motion and depth are encoded jointly at the initial
stage of cortical processing.

RESULTS
We measured responses of single neurons in the cat striate cortex
to dichoptic presentations of one-dimensional noise patterns that
consisted of 16 bars in each eye20,21. From the responses, we extract-
ed components due to interactions between any combination of
two bars. The interactions were then examined according to the
spatial offset (∆X) and time difference (∆T) between the two bars,
for cases in which the two bars belonged to the same eye (monoc-
ular interaction) or where the two bars were imaged in opposite
eyes (binocular interaction). These interactions characterize how
neurons respond to motion and binocular disparity (D); interac-
tions between the two bars that appear sequentially at different loca-
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Fig. 2. Hypothetical tuning profiles of neurons for interocular spatial
offset and time difference. Each oval indicates a region of responses for
a single neuron. (a) Interocular spatial offset hypothesis. Neurons are
tuned to an interocular time difference of zero, but to various interocu-
lar spatial offsets. (b) Interocular time difference hypothesis. Neurons
are tuned to an interocular spatial offset of zero, but to various interoc-
ular time differences. (c) Space–time integration hypothesis. Neurons
are tuned to various combinations of interocular spatial offset and time
difference in such a way that there is a linear relationship between them.
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tions describe responses to motion, whereas those between the two
bars that appear across the two eyes represent responses to binocular
disparity. Our focus here is on binocular complex cells, because
they are generally selective for binocular disparity and are insensi-
tive to monocular spatial phase, so that their responses depend on
relative, not absolute, positions of the two bars21.

Most of the binocular complex cells we examined (52/59)
exhibited both monocular and binocular interactions (Fig. 3a–c).
However, we also found, for a small number of cells (7/59), strong
monocular but minimal binocular interactions (Fig. 3d). Because
such cells cannot encode binocular disparity, they were exclud-
ed from the rest of our analysis. We never observed a binocular
cell that exhibited binocular but not monocular interactions.

As previously reported22, many monocular profiles were
obliquely oriented in the ∆X – ∆T domain (Fig. 3a and b, left and
right columns), indicating that these cells were selective for the
direction of stimulus motion. Binocular profiles of these cells were
similarly oriented in the D – ∆T domain (Fig. 3a and b, middle col-
umn). The tilt angle of the profiles varied from cell to cell, but for a
given cell, monocular and binocular profiles were generally simi-
lar. (See below for a parametric analysis.) To quantify the degree of
tilt in the binocular profile, we computed a tilt directional index
(TDI) for each cell that described a response bias toward one direc-
tion of tilt with respect to the opposite direction of tilt (see Methods
for definition of TDI). A TDI of zero indicated no bias, that is, there

was no tilt, whereas a TDI of one meant the response was com-
pletely accounted for by one direction of tilt. The index is equivalent
to the direction selectivity index used to quantify the response bias
toward the cell’s preferred direction of stimulus motion relative to
the non-preferred direction23, and is analogous to the index that
describes the degree of inseparability in space-time receptive fields
of simple cells24. Indices for cells shown in Fig. 3a, b and c are 0.869,
0.839 and 0.076, respectively. The distribution of TDI for our pop-
ulation of cells (n = 52) was widely spread with a mean of 0.44 
(Fig. 4). Therefore, there was a clear bias for the binocular profile to
be tilted from vertical.

A horizontal slice of the binocular profile represents a cell’s
tuning for binocular disparity, and, therefore, the obliquely ori-
ented profiles indicated that disparity tuning shifted with 
interocular time difference of the two bars. Previously, it was
shown that placing a light-attenuating filter in front of one eye
causes a shift in tuning of neurons in the cat’s striate cortex for
interocular spatial phase disparity8. This result and ours pre-
sented here provide an explanation as to why the incorporation
of an interocular latency difference into the neural signals caus-
es a shift of the apparent depth of the pendulum in the Pulfrich
effect. Whereas it could not be determined in the previous study8

if the neurons were tuned to interocular spatial offset, interocu-
lar time difference or both, our results demonstrate clearly that it
is both. The approximately linear relationship between interoc-
ular spatial offset and time difference, seen in the profiles, is con-
sistent with the space–time integration hypothesis (Fig. 2c).

We also found that some cells exhibited profiles that were not
oriented (Fig. 3c, TDI = 0.076). Such profiles seemed to be con-
sistent with the prediction of the interocular spatial offset hypoth-
esis (Fig. 2a). However, they were more likely to be part of a
continuum of degree of tilt. This interpretation was consistent with
the finding that monocular profiles also come in various amounts
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Fig. 3. Examples of two-bar interaction profiles. Profiles of four binocular
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interocular spatial offset (that is, binocular disparity, D) and an interocular
time difference between the two bars, respectively. Because an interac-
tion of a bar with itself cannot be obtained with the stimulus used in this
study (binary m-sequence noise), one data point at ∆XL
(or ∆XR) = 0 and ∆T = 0 in each of the monocular profiles is missing and
has been filled with a black square. If this data point were available, the
two green contour regions in the second and fourth quadrants of the
maps would have been connected through the point to form an elongated
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profiles. Green and red contour regions indicate positive and negative val-
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and negative peaks of the three profiles into 6 equally spaced levels.
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Fig. 6. An explanation of the Pulfrich effect based on neurons tuned to motion and binocular disparity. Binocular profiles of neurons that prefer
rightward motion (top row) and leftward motion (bottom row) are illustrated. The x- and y-axes of each profile indicate binocular disparity and inte-
rocular time difference (∆T) of the stimulus, respectively. A positive value for the interocular time difference meant that the stimulus was delayed in
the right eye relative to that in the left eye, whereas a negative value indicated a delay in the left eye. White and gray oval regions indicate positive
and negative values, respectively. A horizontal slice of a profile at ∆T = 0 represents the binocular disparity tuning of a neuron. The neurons illus-
trated here exhibit binocular disparity tuning curves that peak at different locations along the binocular disparity axis (indicated by X), and there-
fore are tuned to different binocular disparities: zero- (left column), near (crossed)- (middle column), and far (uncrossed)-disparity (right column).
When the pendulum swings to the right, it mainly activates neurons that prefer rightward motion (top row). If there is no light-attenuating filter
placed in front of either eye (and assuming that the observer is fixating on
the plane of pendulum motion), these neurons would be tuned to zero
disparity. This is because a stimulus at zero disparity and ∆T = 0 (indicated
by the black dot in the top left panel) would be excitatory for them. When
a filter is placed in front of the right eye, introducing a delay ∆TR for the
neural signal in that eye, zero-disparity neurons would stop responding
because the stimulus at ∆TR and zero disparity is not excitatory. On the
other hand, it is an excitatory stimulus for neurons tuned to a near-dis-
parity (black dot, top middle panel). This could explain why the perceived
depth shifts toward the observer in this case. Placing the filter in front of
the left eye produces a delay ∆TL, and would excite neurons tuned to a
far-disparity (black dot, top right panel). This could predict a shift of the
perceived depth away from the observer. The same principle applies to
neurons that prefer leftward motion when the pendulum swings to the
left. In this case, however, covering the left and right eyes with a filter
excites near- and far-disparity neurons, respectively. This would result in a
shift of the perceived depth in the opposite direction to what would hap-
pen when the pendulum swings to the right (compare the location of
black dots between the top and bottom panels in the same column).

of tilt, depending on the cell’s selectivity for the direction of stim-
ulus motion22.

In a previous study7 that examined the tuning of area 18 neu-
rons in cats to interocular spatial offset and time difference, it
was found that some cells responded best to non-zero interocu-
lar time differences. This result is consistent with the interocu-
lar time difference hypothesis (Fig. 2b). However, because details
of the tuning were not examined, it was not possible to distin-
guish between different hypotheses based on the data. In fact, we
found no cells that showed profiles consistent with the interocu-
lar time difference hypothesis.

The oriented profiles for monocular interactions are ideal for
detecting moving stimuli because they match expected responses
to such stimuli22. The oriented profiles for the binocular interac-
tions shown here may be interpreted analogously. Human observers
perceive motion in certain stimuli containing an interocular spa-
tial offset and a time difference25–27, a phenomenon called dichop-
tic motion. The binocular profiles in the middle column of Fig. 3a
and b are consistent with expected responses to dichoptic motion
stimuli. Therefore, these neurons may constitute a neural basis for
dichoptic motion as well. With regard to underlying mechanisms for
dichoptic motion, there has been a debate as to whether early
motion sensors are monocular or binocular28,29. Our results sug-
gest that they are binocular and are tuned to binocular disparity.

These findings demonstrate that most neurons encode motion
and binocular disparity jointly. Is there a relationship between the
motion and binocular disparity encoded by individual neurons? If

there is, it may indicate that the visual system selects certain com-
binations of motion and binocular disparity to extract information
that would not have been available had they been processed sep-
arately. On the other hand, if there is no correlation between them,
the joint-encoding at this stage seems only to preserve informa-
tion about concurrency of motion and binocular disparity. To
address this question, we next examined the relationship between
motion and binocular disparity tuning of neurons.

For the parameter that represents motion tuning, we estimat-
ed the optimal speed (V) as a ratio of the optimal temporal fre-
quency (Ft) to the optimal spatial frequency (Fs) for each profile.
These three parameters were generally matched between monoc-
ular and binocular interactions for each cell. However, there was
a small tendency for binocular optimal spatial frequency to be
lower and binocular optimal temporal frequency to be slightly
higher than the monocular counterpart. As a consequence, opti-
mal speed tended to be slightly higher for binocular compared to
monocular interaction (t-test; p < 0.01). For the parameter that
represented binocular disparity tuning, we estimated optimal
binocular disparity (d) for each binocular profile. The magnitude
of optimal binocular disparity depended on the optimal spatial
and temporal frequencies and the optimal speed of the binocu-
lar profiles (Fig. 5). We found that the range of binocular dispar-
ities encoded by a population of cells decreased with optimal
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spatial frequency (Fig. 5a), but it increased with optimal tempo-
ral frequency (Fig. 5b). As a result, the disparity range increased
with optimal speed (Fig. 5c). In other words, fine disparities were
encoded by neurons tuned to various spatial and temporal fre-
quencies and speeds, whereas coarse disparities were encoded by
neurons tuned to low spatial frequencies, high temporal fre-
quencies, and therefore, high speeds. These results are in accord
with human psychophysical data that indicate that stereoacuity
can be maintained at higher speeds for sinusoidal gratings of low
spatial frequencies compared with gratings of high spatial fre-
quencies30, and that the upper disparity limit for coarse stereop-
sis increases with stimulus speed31.

DISCUSSION
Motion and binocular disparity constitute two distinct cues for
the visual system to obtain spatial and temporal structures of a
scene. Yet they are similar in that both can be described by inter-
actions between two points in space and time. Therefore, it is like-
ly that the visual system encodes them similarly. Our current
results demonstrate that motion and binocular disparity are
encoded jointly by single neurons in the striate cortex.

We showed that most complex cells in the cat striate cortex
exhibited responses due to two-bar interactions for both motion
and binocular disparity. Space–time oriented profiles of monocu-
lar interaction (Fig. 3a and b) represent motion and are known as
motion energy responses, because they correspond to responses
predicted by a mechanism that detects energy in a motion stimulus
(a motion energy model32,33). A similar mechanism has been pro-
posed to explain responses due to interocular two-bar interactions
when there is no time difference between the two bars34,35. This
mechanism is ideally suited for encoding binocular disparity and
is called a binocular disparity energy model. The binocular profiles
described in this paper, which include interocular time differences
between the two bars, can easily be explained by incorporating a
motion energy model into a binocular disparity energy model (a
hybrid energy model18). Although a binocular disparity energy
model itself does not constrain binocular profiles to have a certain
shape in the space–time domain (except at ∆T = 0), a motion ener-
gy model provides a space–time-oriented structure to the profiles.

The structures seen in two-bar interaction, including the
space–time oriented ones, have been interpreted as receptive field
structures of simple-cell-like subunits that underlie individual com-
plex cells21,22,36–38. Subunits are thought to combine inputs linear-
ly over space and time21,33–36,39. This summation is linear regardless
of whether it occurs within one eye or across the two eyes. There-
fore, binocular interactions exhibit a structure similar to that of
monocular interactions as long as the latter are similar for the two
eyes. In other words, if monocular profiles are space–time oriented,
so is the binocular profile (except for some complex cells such as
that shown in Fig. 3d). In this sense, the space–time oriented struc-
ture of the binocular profile results from linear binocular subunits
that are selective for the direction of stimulus motion. It is this
space–time oriented binocular interaction that seems to be the
underlying neural basis for the Pulfrich effect and dichoptic motion.

In light of our findings, the Pulfrich effect can be explained as
follows. When the pendulum swings to the right, it mainly acti-
vates neurons that prefer rightward motion at around the speed of
the pendulum (Fig. 6, top row). These neurons exhibit two-bar
interaction profiles that are oriented to the right in the space–time
domain. If there is no light-attenuating filter placed in front of
either eye, then these neurons are the ones that are tuned to zero
disparity (Fig. 6, top left). Now suppose that the right eye is cov-
ered with a filter, effectively delaying the neural signal in that eye

by ∆TR. Neurons tuned to zero disparity would decrease respons-
es (or stop responding) to the pendulum because a stimulus at
∆TR and zero disparity would not be optimal (or excitatory) for
them. On the other hand, such a stimulus is now excitatory for
neurons tuned to near (crossed) disparities and would elicit
responses from them (Fig. 6, top middle). Therefore, the per-
ceived depth would be expected to shift toward the observer. On
the other hand, if the filter is placed in front of the left eye, then
neurons tuned to far (uncrossed) disparities would be excited
(Fig. 6, top right). This would result in a shift of the perceived
depth away from the observer. When the pendulum swings to the
left, the same principle applies to neurons that prefer leftward
motion, except that the direction of shift in the perceived depth
reverses (Fig. 6, bottom row). A similar explanation has been pro-
posed based on predictions of a hybrid energy model18. Our data
provide direct physiological evidence that supports the model.

Another finding reported here is that fine disparities are encod-
ed by neurons tuned to various speeds, whereas coarse dispari-
ties are encoded by those tuned to high speeds. Is there an
advantage of encoding motion and binocular disparity in this
manner? We propose that the relationship between optimal speed
and binocular disparity signifies the strategy by which the visual
system encodes the three-dimensional structure of a scene. Motion
of an observer in a direction other than that along the line of sight
creates differences in the motion of retinal images of stationary
objects at different depths (motion parallax). This is another cue
for depth perception40. When the moving observer fixates a point,
images of the stationary objects farther away from the fixation
point move faster than those of objects closer to the fixation point.
In other words, the speed of image motion and binocular dis-
parity are closely correlated. Therefore, if neurons were to encode
information about the three-dimensional structure of a scene
based on both motion and binocular disparity, then the relation-
ship shown in Fig. 5c would be expected.

There is increasing evidence that suggests that motion and
depth are processed together in the visual system41–46. Our results
strongly support this notion. We show here that phenomena such
as the Pulfrich effect and dichoptic motion are likely to be the
consequences of joint-encoding at the level of single neurons in
the striate cortex. We also report that binocular complex cells in
the cat’s striate cortex encode specific combinations of motion
and binocular disparity that are consistent with the relationship
predicted from motion parallax. Therefore, the joint-encoding
of motion and binocular disparity is presumably a design of visu-
al processing.

The visual system could process motion and binocular dis-
parity separately before combining the results of the computa-
tions together to obtain the three-dimensional structure of a
scene. Instead, the visual system integrates them in a specific
manner. Such a strategy is not only parsimonious and efficient, it
is also reliable; it uses information about the correlation between
motion and binocular disparity in the image, which is unavail-
able if the two cues are processed separately.

METHODS
Electrophysiology. Extracellular recordings were made from single neu-
rons in the striate cortex of anesthetized and paralyzed cats. Details of sur-
gical and experimental procedures and the physiological recording setup are
described elsewhere20,21. All procedures complied with the National Insti-
tute of Health Guide for the Care and Use of Laboratory Animals and were
approved by the University of California Animal Care Committee.

After orientation and spatial frequency tuning of neurons were deter-
mined with drifting sinusoidal gratings, responses of binocular neurons
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to one-dimensional dichoptic white noise stimuli were measured. Each
monocular stimulus consisted of 16 bars. The orientation of the bars was
set to the optimal for each cell. The luminance of each bar was updated
every 40 ms according to a binary m-sequence19, and took a value that
was either brighter (+18 cd/m2) or darker (–18 cd/m2) than the lumi-
nance of the background (20 cd/m2). The visual stimulation lasts about
20 min, during which spike activity is recorded.

Data analysis. Spike trains were cross-correlated with the stimulus
sequences of two bars at various spatial offsets and time differences to
obtain response profiles for two-bar interaction. When the two bars were
chosen from the same eye, the cross-correlation yielded a monocular two-
bar interaction profile. On the other hand, if the two bars belonged to dif-
ferent eyes, a binocular interaction profile was obtained. Both monocular
and binocular profiles were considered at a common optimal correlation
delay, which is defined as the delay at which the sum of squared values of
all data points in the profile is maximum. The x-axis of the profiles was
the relative spatial distance between the two bars (∆XL and ∆XR for the
left and right eye interactions, respectively, and D for the binocular inter-
action, which corresponds to binocular disparity). The y-axis was the rel-
ative temporal distance between the two bars (∆T). These profiles were
analogous to those reported previously22,38. However, they differ from
those of our previous study35; the y-axis was ∆T, not a correlation delay T.
Because of an intrinsic property of binary m-sequences, the interaction
of a bar with itself at ∆T = 0 cannot be obtained. Therefore, one data point
is missing from each monocular profile (at ∆XL or ∆XR = 0 and ∆T = 0).

Each interaction profile was transformed into the spatio-temporal fre-
quency domain by means of a fast Fourier transform and optimal spatial
(Fs) and temporal (Ft) frequencies are obtained at the peak. Then, the opti-
mal speed (V) was computed as Ft/Fs. Although it is not intuitive to think
of spatial and temporal frequencies and speed in the binocular domain,
these terminologies are used for both monocular and binocular profiles
for simplicity. In addition, for each binocular profile, a slice at ∆T = 0 is
taken, and a one-dimensional Gabor function is fit to the sliced profile
using a Levenberg–Marquardt method47. The optimal binocular disparity
(d) was estimated as the phase of the best fit Gabor function, expressed in
degree visual angle (degree VA) by taking the optimal spatial frequency of
the cell into account.

To quantify the degree of tilt in the binocular profile, a tilt direction-
al index (TDI) was computed as TDI = (Rp – Rn)/(Rp + Rn), where Rp
and Rn are response amplitudes at (Fs, Ft) and (Fs, –Ft), respectively.
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