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Differences in temporal frequency tuning between
the two binocular mechanisms for seeing

motion in depth
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There are two types of binocular cues available for perception of motion in depth. One is the binocular disparity
change in time and the other is the velocity difference between the left and the right retinal images (inter-
ocular velocity differences). We measured the luminance contrast threshold for seeing motion in depth while
isolating either of the cues at various temporal modulations of velocity in the stimulus. To isolate disparity
cues, dynamic random-dot stereograms were used (the disparity condition) while binocularly uncorrelated
random-dot kinematograms were used to isolate velocity cues (the velocity condition). Results showed that
sensitivity peaked at a temporal frequency ��1 cps� in the velocity condition while the peak in the disparity
condition was at the lowest frequency �0.35 cps� or at least at a frequency lower than that in the velocity
condition. This suggests that the visual system has different temporal frequency properties for the velocity and
disparity cues for motion in depth. © 2008 Optical Society of America
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. INTRODUCTION
he human visual system has more than one mechanism
hat specializes in detecting motion in depth using differ-
nt depth cues [1–3]. Among them, disparity change in
ime (DCT) has been shown to be an important cue be-
ause motion in depth can be seen without any explicit
onocular cue [4–7]. Another binocular cue for motion in

epth has been identified in addition to DCT [2,8–12].
he cue is based on inter-ocular velocity differences (IO-
Ds). The process that analyzes this cue appears to be
ifferent from the one that analyzes DCT. To use disparity
ues, the spatial offset between the left and the right im-
ges is detected first, and then its change over time is cal-
ulated. The inter-ocular velocity cue is constructed by
rst separately calculating the image velocities of the left
nd right eyes and then subtracting them.
Although some studies showed little influence of IOVD

n motion-in-depth perception [9,13] evidence for the ex-
stence of the mechanism that detects the IOVD cues has
een accumulated [3,10,12,14–20]. For example, Shioiri et
l. [12] reported that the observer was able to identify the
irection of motion in depth without binocular correlation
hen there are IOVD cues (even without binocular over-

ap between the stimulus images). Harris and Watama-
iuk [21] showed a critical role of the velocity signal for
peed judgments along the line of sight. Brooks and
ather [22] showed different dependencies of sensitivity

n eccentricity between disparity detection and motion in
epth detection.
The physiological mechanism that is responsible for
otion in depth is in dispute. Although cells sensitive to
otion in depth have been reported in cat and monkey
1084-7529/08/071574-12/$15.00 © 2
rains [23–25], such results may be interpreted by the re-
ponses of cells sensitive to both disparity and motion
26–28]. We have little knowledge about the use of the dif-
erent cues in the cells since there is, as far as we know,
o study with isolation of each type of cue.
To psychophysically investigate visual mechanisms, it

s useful to model functional mechanisms in a physiologi-
ally plausible way in order to specify the issue of inter-
st. We describe the models here to make clear what we
ean by the mechanism sensitive to IOVD and by the one

ensitive to DCT. We assume that the mechanism of mo-
ion in depth sensitive to disparity cues has inputs from
isparity detectors with sensitivity to different depths.
ased on the disparity signals, this calculates the DCT.
he other mechanism sensitive to velocity cues has inputs

rom monocular motion detectors at the corresponding
etinal locations between the two eyes. This is similar to
he process that Beverley and Regan [8] and Cynader and
egan [24] have proposed as a motion in depth detector.
Figure 1 depicts a schematic of the model for motion in

epth considering receptive field properties of motion and
isparity sensitive cells. Figures 1(a) and 1(b) describe
he models of IOVD and DCT. Cells with even or odd sym-
etric receptive fields (RFs) detect luminance contrasts

n the retinal images. The results of the contrast detection
re used to process motion and disparity signals. In the
ase of IOVD, the motion signal toward the left or right at
ach eye is detected by calculating motion energy [29,30],
nd then the difference between the leftward and right-
ard motion energies is taken as the motion signal along

he horizontal axis (horizontal motion signal). Compari-
ons of the horizontal motion signals between the eyes
008 Optical Society of America
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rovide the motion in depth signal (Fig. 1 shows subtrac-
ion as an example). In the case of DCT, the disparity
ignal at a certain moment is detected by calculating the
isparity energy [31,32]. The difference between the dis-
arity energies for near and far disparities is taken as the
epth signal. The difference in depth signal between
imes 1 and 2 provides the motion-in-depth signal (sub-
raction as an example). Note that the cells sensitive to
oth motion and disparity are not likely to directly con-
ribute to the detection of IOVD since their direction sen-
itivities to the two eyes are similar [28,33]. They are
lassified as cells that provide the DCT signals in the
odel described here. An important feature of the models

s that there is no position information within the RF at
he stage where the motion or disparity energies are com-
ared to obtain motion-in-depth signals. The velocity sys-
em does not have the information of the disparity at each
oment, and the disparity process does not have the

nformation of the monocular velocity in the models.
lthough RF locations can be and perhaps are used to
alculate binocular and temporal correspondences in the
ater stages, such processes do not have to calculate
isparities or monocular velocities. The IOVD model in
ig. 1 uses the RF locations to determine the location to
ompare signals between the two retinal images, and the
CT model also uses the RF locations to sequentially

ompare the signals obtained. Temporal comparison has
o be done at the same location for DCT, which is different
rom comparing signals from different locations for
onocular motion analysis. It should be noted that the

econd stage of the models shows limitations of the pro-
esses; the IOVD process may not be able to detect IOVDs
ith a change in disparity, and the DCT process may not
e able to detect disparity changes with a change in hori-
ontal or vertical position. These two processes are
omplementary in this sense.

Because of the difference in the analysis, the temporal
haracteristics between the two mechanisms may differ
nd the two mechanisms may have different roles in see-
ng motion in depth. The mechanism based on motion can
e a faster process than the one that requires a disparity
nalysis, which is possibly a slow process as has been sug-
ested by a long temporal integration duration [34–41].
ifferent mechanisms with different temporal tuning

urves could compensate each other to cope with a wide
ariety of stimulation received in the everyday life. This
otion may be too simplistic to seriously consider since
ome studies suggest that the binocular process can be
ast [42–44] and the motion process can be slow [45–48].
owever, there is an experiment that suggests the differ-

nt temporal characteristics for the use of the two cues for
otion in depth. Shioiri et al. [3] showed an improvement

f performance to identify the motion-in-depth direction
ith an increase in speed when the velocity cue was iso-

ated and showed deterioration of performance when the
isparity cue was isolated. This is consistent with the no-
ion that there are two different mechanisms with differ-
nt temporal characteristics to see motion in depth.

In this paper, we compared the temporal characteris-
ics for seeing motion in depth between the conditions
ith the velocity and the disparity cues. We refer to tem-
oral frequency to cycles of modulation in motion-in-
ig. 1. Models of two types of motion-in-depth processes based
n (a) motion energy and (b) disparity energy models at the first
tage. The energies are calculated with odd and even symmetric
lters (mimicking the RF properties of cortical cells), and no
hase signal within the region covered by the filters is available
t the stage where either the IOVDs or the DCT is calculated to
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epth signals rather than luminance variation of the
timulus patterns. Several studies measured temporal
requency tuning for seeing depth and modulating the
epth signal in time with stimuli with both the velocity
nd disparity cues [2,49–53], and the results can be sum-
arized as a temporal frequency tuning with a peak at

bout 1.5 cps (see a summary in [3]). These experiments
uggest that the motion-in-depth process as a whole has a
emporally bandpass characteristic, which is similar to
hat for lateral motion (Tyler [52]). To compare temporal
haracteristics for each of the two possible mechanisms
or motion in depth, we measured contrast sensitivity to
ee motion in depth as a function of temporal frequency of
elocity modulation of motion in depth, isolating either
he velocity (IOVD) or the disparity (DCT) cues.

. GENERAL METHOD
o isolate the velocity and disparity cues, we used binocu-
arly uncorrelated random-dot kinematograms (the veloc-
ty condition) and dynamic random-dot stereograms (the
isparity condition), respectively. After making random-
ot stereograms moving in depth, the correlation between
he eyes (binocular correlation) was randomized in the ve-
ocity condition, and the correlation between the frames
temporal correlation) was randomized in the disparity
ondition. Unfortunately, the isolation of the two cues is
ot perfect. Random disparity correspondences in binocu-

ar uncorrelated patterns may determine the threshold in
he velocity condition by stimulating the disparity sensi-
ive mechanism [9,54]. Similarly, random temporal corre-
pondences in dynamic random-dot stereograms may de-
ermine the threshold in the disparity condition by
timulating the velocity sensitive mechanism. To show
hat there are available DCT cues in the velocity condi-
ion and available IOVD cues in the disparity condition,
e calculated correlations of stimulus images in the pos-

ible IOVD and DCT processes. The stimuli were two
airs of random-dot stereograms that disparity changed
rom back to front of the fixation plane by replacing each
ther (the left and the right images of frame 1 become the
ight and the left images of frame 2). Calculating correla-
ion between the left and the right images of random-dot
tereograms gives a value that shows similarity of the im-
ges so that correlation with the displacement that corre-
ponds to the given disparity is expected to be the largest.
orrelation values with a variety of displacements in
ariable directions construct an image with a peak at a
ocation that corresponds to the displacement (or dispar-
ty) between the left and the right images. In the velocity
ondition, the correlation image of each frame pair be-
omes a random-dot-like pattern since binocular correla-
ion is removed [not shown but virtually the same as the
op two figures in Fig. 2(a)]. However, calculating the cor-
elation between the resultant correlation images for
rames 1 and 2 shows a clear peak at a location, which
orresponds to the motion-in-depth signal added [not
hown but virtually the same as the bottom figure in
ig. 2(a)].
The situation is exactly the same for the IOVD process

n the disparity condition. The correlation between the
wo frames in each eye is calculated, and then correlation
f the resultant correlation images for the two eyes is cal-
ulated. With disparity cue stimuli, no obvious peak is
een at any displacement for either of the left or the right
mages [the top two figures in Fig. 2(a)]. However the cor-
elation between the correlation images of the two eyes
hows a clear peak at a location, which corresponds to the
iven motion-in-depth signal [the bottom figure in
ig. 2(a)]. The analysis shows a similar peak correlation

or IOVD in the disparity condition and DCT in the veloc-
ty condition, which is not surprising because the calcula-
ion is essentially identical. Certainly, careful consider-
tion is required to use these stimuli.

ig. 2. (a) Analysis to show IOVD cues in a temporally uncorre-
ated random-dot stereogram that disparity changes in time
stimulus in the disparity condition). The correlation image be-
ween two frames sequentially presented for each eye (top left
nd right) and correlation of the correlation images (bottom). The
orrelation can be demonstrated by free fusing the two top im-
ges. Correlation between the left and the right images for each
rame pair shows similar results as the top figures in the binocu-
arly uncorrelated kinematograms. Correlation of the two corre-
ation images for two frames shows a similar result as the bottom
gure. (b) Simulated responses of IOVD (left) and DCT (right)
odels depicted in Fig. 1 for the stimuli of the velocity (uncorre-

ated between the left and the right images) and disparity condi-
ions (uncorrelated between the first and the second images).
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Imperfect isolation, however, is not a serious problem
n our experiments because our interest is in the differ-
nce in temporal characteristics. We estimated the differ-
nce in relative contributions of IOVD and DCT to motion
n depth between the two stimulus conditions using the

odels in Fig. 1. Stimuli were two pairs of random-dot
tereograms whose disparity changed from back to front
f the fixation plane by replacing each other, as in the
ase for the correlation analysis above. In the stimulus,
pper and lower halves of the stimulus field had opposite
isparity to contrast the results between the opposite mo-
ion signals. We simulated outputs of the models in Fig. 1
s follows. After calculation of motion and disparity en-
rgy to the two frame random-dot patterns, simple sub-
raction was taken to estimate the motion-in-depth signal
n each model, and the resultant images are shown in Fig.
(b). Figure 2(b) shows the output images averaged over
he data for ten different random patterns, but the results
rom each set of patterns are essentially the same. The
ixels lighter than average gray indicate approaching mo-
ion and those that are darker indicate receding motion.
o the disparity stimulus, only the DCT output shows a
lear difference, whereas only the IOVD output shows a
lear difference to the velocity stimulus. This analysis
hows that the removal of correlation from images should
eaken, if not eliminate, the IOVD and DCT signals in
he disparity conditions. This supports the assumption
hat the relative strength of the two signals is different in
he two conditions. We believe, therefore, that the use of
he velocity and disparity conditions are appropriate for
ur purpose, which is to find the differences in temporal
haracteristics among the different stimulus conditions.
ote that the models did not have any difference in tem-
oral characteristics. Our experimental results can be
sed to introduce the differences in temporal characteris-
ics in the models of IOVD and DCT in the future.

Both the temporal and spatial frequencies of velocity
odulation were controlled by varying the velocity of ran-

om dots in the stimulus field in space and time (Fig. 3).
emporal or spatial frequency here refers to the number
f cycles of periodic velocity change every second and ev-
ry degree of arc. Note that we manipulated the frequen-
ies of temporal and spatial variations of motion signals,
ot the variation of luminance contrast, although we ma-
ipulated the luminance contrast to measure threshold
or motion-in-depth perception. A square wave controlled
he velocity variation along the vertical axis, creating a
orizontal grating, or a horizontal stack of bands, defined
y relative motion signals. The spatial frequency of the
rating was fixed to 1 cycle/ image �0.24 cycles/deg� in ex-
eriments 1 and 3 while it varied in experiment 2.
We used rotation in depth stimuli in the velocity and
ig. 3. (a) Schematic of the stimulus for motion in depth at the lowest spatial frequency condition (used in experiments 1 and 3). Left,
andom-dot planes rotated about the vertical axis without changing the surface direction (always front parallel). The upper and lower
alves rotated in the same direction but the phase was opposite. The task in the velocity and combined cue conditions was to discrimi-
ate the direction of rotation in depth. Center, random-dot planes oscillated in depth. The phase of the oscillation between the upper and
he lower halves was opposite. Right, the random motion noise. Dots distributed within a range of depth moved in random directions. The
ask in the disparity condition was to discriminate oscillation in depth from the random 3D motion noise. (b) Schematic of the stimuli
ith different spatial frequencies of velocity modulation (used in experiment 2). A square wave controlled the velocity variation along the
ertical axis, creating a horizontal grating, or a horizontal stack of bands, defined by relative motion. The stimulus field was a square of
.2° �4.2°. Dots were always in the square field, wrapping around from one side to the other when dots moved out from the square.
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ombined cue conditions to eliminate monocular cues in
he velocity condition [12,55]. There are monocular cues
o identify the direction of motion in depth in the stimulus
f linear movement along the depth axis. If the observer
ould identify the direction of the monocular motion with
he knowledge of which eye the signal comes from (eye of
rigin), he could correctly infer the direction of motion in
epth in a linear motion in depth. If the starting location
f the rotation is randomized, monocular observation
rovides no information of rotation directions.
In the stimulation, the random-dot pattern rotated in

epth about the vertical axis without changing the sur-
ace orientation (always front parallel). In other words, all
he dots moved in the same way on the screen to generate
he same path in the 3D space. When a random-dot ste-
eogram rotated in depth, the stimulus contained both ve-
ocity and disparity cues. We used this stimulus as a con-
rol (the combined cue condition). To isolate velocity cues
or to minimize the effect of disparity cues), we removed
he binocular correlation from the original random-dot
tereogram, replacing one of the random-dot patterns
ith a new one. Since the motion of monocular stimuli
as the same as that in the original, the stimulus con-

ained IOVD cues. In this condition, there was little dis-
arity information to form any surface or structure. To
solate disparity cues (or to minimize the effect of velocity
ues), we replaced the patterns every second frame while
reserving binocular correlations (dynamic random-dot
tereograms). Since the disparity was the same as that in
he original, the stimulus contained DCT cues.

We measured the contrast threshold in each stimulus
ondition. In the combined cue and velocity cue condi-
ions, the observer responded whether the surface rotated
lockwise or counterclockwise when the view was from
bove (two alternative responses).
We adopted a different task in the disparity condition

ith a two-interval two-alternative forced-choice proce-
ure. A random-dot plane oscillated in depth in one of the
wo intervals. The motion in the stimulus was the same
s that in the combined cue condition except that there
ere no monocular velocity components because the tem-
oral correlation was removed. In the other interval, dots
ith random disparities moved around in random direc-

ions (random motion noise) within a depth range that
orresponded to the moving distance in depth of the oscil-
ation stimulus. Both the oscillation stimulus and the
andom motion noise appeared to be a similar electronic
nowstorm, and there were no clues to discriminate them
hen monocularly viewed. The observer responded be-

ween which of the two intervals contained depth oscilla-
ion. The reason why we used this task in the disparity
ondition was because there would be no information of
he rotation direction after removing velocity cues from
he original motion-in-depth stimulus.

There is a possible criticism of the tasks and stimuli
sed. The use of different tasks is usually not appropriate
o compare absolute sensitivities among conditions. Our
urpose, however, was not to compare absolute sensitivi-
ies but to compare temporal characteristics. Our as-
umption is that the task difference does not influence the
ifference in temporal characteristics between the stimu-
us conditions. To see the effect of task differences, we
onducted experiment 3, where the same task was used in
ll conditions, showing similar differences in temporal
requency characteristics to that in experiments 1 and 2.

. EXPERIMENT 1
he purpose of the experiment was to compare temporal

requency tuning between the velocity and disparity con-
itions. We measured the threshold of luminance contrast
s a function of temporal frequency for direction discrimi-
ation of motion in depth. There were two reasons to ma-
ipulate the luminance contrast, instead of the motion
mplitude, for the threshold measurements. The fast and
ost important one is to minimize the influence of binocu-

ar rivalry. Since binocular rivalry is seldom seen when
ontrast is lower than 30% for a short stimulus presenta-
ion [12,56], the contrast threshold measurements were
xpected to have little influence on the lack of binocular
orrelation in the velocity condition. The second reason
as rather practical. It was much easier to control the

uminance contrast than the motion amplitude at a
hreshold when the spatial and temporal resolutions of
he display systems were considered.

. Method

. Stimulus
he stimuli were random-dot patterns with 1600 light
ots on a gray background. Images for the two eyes were
resented on two monochromatic monitors (Nanao Flex
can 6500) controlled by a computer (Apple Power Macin-
osh 7100) separately feeding the red and green signals of
he video output to the two monitors. Careful calibration
as made measuring the luminance of the center of the

timulus field to realize luminance linearity for each
onitor. The maximum luminance of the two monitors
as equated by adjusting the luminance control knobs of

he monitors. The refresh rate of the system was 67 Hz.
The observers viewed the monitors through mirrors ar-

anged to fuse the images at an optical distance of 160 cm.
ach random-dot field consisted of 256�256 pixels that
orresponded to 4.2° �4.2° in a visual angle. Dot size was
�2 and dot luminance against the fixed background lu-
inance �46 cd/m2� was varied to measure the contrast

hreshold. Contrast refers to Weber contrast, i.e., �L /Lb,
here �L is the difference between the dot luminance and

he background luminance and Lb is the background lu-
inance. Presentation duration was constant at 0.7 s.
he dot velocity sinusoidally varied in time to generate a
mooth rotation in depth. There was a 180° phase differ-
nce in the rotation between the upper and lower halves
0.24 cycles/deg condition). Because of the phase differ-
nce, one half was at the farthest point when the other
as at the nearest point while the rotation direction was

he same for both.
Temporal frequency (or rotation rate) was either 0.35,

.7, 1.4, 2.8, 5.6, or 8.4 cps. With the presentation dura-
ion of 0.7 s, they corresponded to 0.25, 0.5, 1, 2, 4, or 6
ycles of rotation, respectively. The number of cycles for
ow temporal frequency stimuli was less than one. We re-
tricted the number of cycles to keep the stimulus presen-
ation duration short and constant in order to minimize
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he influence of eye movements. Although the difference
n the number of cycles per presentation was a factor that

ight influence threshold measurements, experiment 3
sed the stimulus presentation without temporal limita-
ion to examine any influence on our conclusions.

The speed of the moving dots on the display varied with
emporal frequency while the temporal frequency of oscil-
ation was not only a factor to determine the speed. The
mplitude of both lateral and depth motions also influ-
nced the dot speed. The lateral amplitude was 11 min
nd the disparity amplitude was 16 min throughout the
tudy. The maximum speed of the lateral motion compo-
ent, which was the speed at the farthest or the nearest
oint from the observer (where the depth motion compo-
ent was zero), varied from 0.4 to 9.7 deg/s for a temporal
requency change from 0.35 to 8.4 cps (with a lateral mo-
ion amplitude of 11 min). The maximum speed of the
epth motion component, which was the speed at the fixa-
ion plane (where the lateral motion component was zero),
aried from 0.3 to 7.1 deg/s (with a disparity change am-
litude of 16 min).
The initial phase of the rotation randomly varied from

rial to trial among four phases (0°, 90°, 180°, and 270°)
or 1.4, 2.8, 5.6, and 8.4 cps and varied between the two
0° and 180°) for 0.35, 0.7, and 1.4 cps. The phases of 0°
nd 180° corresponded to the nearest and farthest points,
nd the phases of 90° and 270° corresponded to the points
n the fixation plane. The measurements with 1.4 cps
ere repeated to examine whether there was any influ-
nce of the number of initial phases. We pooled the data
ith four and two initial phases in the 1.4 cps conditions

ince the results were almost the same in the two cases.

. Procedure and Observers
ach trial started with the presentation of nonius lines
nd a fixation cross. The nonius stimulus consisted of
orizontal and vertical lines presented either left and
bove or right and below the fixation cross. The observer
ressed a key to initiate the stimulus presentation when
e confirmed the alignments of the horizontal and vertical

ines. In the velocity and combined cue conditions, the
timulus rotated for 0.7 s and the observer pressed either
f two keys to indicate the perceived direction of rotation
clockwise or counterclockwise). In the disparity condi-
ion, the oscillation in the depth and random motion
timuli were presented in sequence for 0.7 s each, with a
.5 s of blank field in between. The observer responded to
he interval during which oscillation in depth was seen.
he experiment repeated trials varying stimulus contrast
ith the method of constant stimulus. We determined the

ontrast with 75% correct responses as the threshold in
ach condition through a probit analysis based on 288 or
ccasionally more trials.

Two of the authors and two experienced observers who
ere naive to the purpose of the experiment participated.
ll observers had normal or corrected to normal visual
cuity and no history of any vision related diseases. Bin-
cular stereopsis was checked with a high contrast ver-
ion of static random-dot stereograms. All observers had a
ew practice sessions with feedback to become accustomed
o the stimuli and the task.
. Results
igure 4 shows the percentage of correct responses as

unctions of the stimulus contrast in the three motion con-
itions for 0.7 cps of one observer as examples. Figure 5
hows contrast sensitivity for detecting motion in depth
ignals as a function of temporal frequency for the three
timulus conditions. Since a different task was used in
he disparity condition from the others, it is not appropri-
te to compare absolute sensitivities between the condi-
ions. However, our interest is in the frequency tuning
urves. Differences in temporal frequency tuning between
he velocity and disparity conditions are clearly shown.
he result in the velocity condition showed a bandpass
haracteristic of the frequency function while the dispar-
ty condition shows a low-pass characteristic in the aver-
ged data. These tendencies are also seen in the indi-
idual results. Although lower temporal frequencies may
e required to estimate the shape of the tuning function
n the disparity condition, differences in frequency depen-
ency are clearly seen among the conditions. Sensitivity
n the combined cue condition is similar to but somewhat
igher than that in the velocity condition at all frequen-
ies.

To examine whether the dependency of sensitivity on
emporal frequency is different between the velocity and
isparity conditions, a statistical test was performed for
he significance of the correlation between the data. We
alculated a correlation coefficient between the data pairs
f each combination of the three conditions. The number
f the available data was less than 6 (temporal frequen-
ies) �5 (observers) and varied with combinations be-
ause threshold was not measurable in some cases. For
he sake of fair comparison, we used data when they were
vailable from all three conditions. The test showed that
he correlation is not statistically significant between the
elocity and disparity conditions �t=1.56,df=15,p�0.1�
hile the correlation between the velocity and combined

ue conditions is highly significant �t=10.0,df=15,
�0.001�. The correlation between the combined cue and
isparity conditions is not significant �t=1.03,df=15,
�0.3�.
These results suggest that there are two different
echanisms with different temporal frequency tuning

urves for seeing motion in depth in the velocity and dis-
arity conditions. The sensitivity in the combined cue
ondition may be attributed to a combined activity of the
wo mechanisms. If this is the case, the present results

ig. 4. Percentages of correct responses as a function of contrast
or three motion-in-depth stimulus conditions at 0.7 cps of ob-
erver DK. The curves indicate the cumulative Gaussian func-
ions fitted to the data through a probit analysis.
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uggest that the influence of the mechanism sensitive to
elocity cues is strong in the present condition because
he sensitivity in the combined cue condition is similar to
hat in the velocity condition.

. EXPERIMENT 2
esults of experiment 1 suggest that in different stimulus
onditions there are differences in temporal characteris-
ics for seeing motion in depth. To examine the generality
f this finding with respect to spatial conditions, we re-
eated the sensitivity measurements with variable spa-
ial frequencies in experiment 2. The dot motion varied
long the vertical axis, following a square wave, and the
requency of the square wave was either 0.24, 0.48, 0.95,
r 1.9 cycles/deg [Fig. 2(b)]. For higher spatial frequen-
ies, the stimulus contained a larger number of bands.

. Method
n experiment 2, we collected contrast sensitivity data
ith the combinations of three spatial and six temporal

requencies for two observers, and they are analyzed to-
ether with the results of experiment 1. The method was
he same as in experiment 1 with one exception in the
timulus. Horizontal lines were added at the borders be-
ween adjacent bands in this experiment. This was to
inimize vertical eye misalignments. Without the lines,

ppropriate binocular fusion might not have been realized
n high spatial frequency stimuli, particularly in the ve-
ocity condition. The stimulus in the velocity condition
ad no spatial correlation between the left and right reti-
al images.

ig. 5. Contrast sensitivity as a function of temporal frequency.
ifferent symbols represent different stimulus conditions. Error
ars for the average data represent the standard error of means
cross the observers. Arrows indicate conditions where threshold
as not measurable.
. Results and Discussions
igure 6 shows the contrast sensitivity as a function of

emporal frequency in the different spatial frequency con-
itions. As in experiment 1, our interest is in frequency
uning instead of absolute sensitivity. The results con-
rmed that the temporal frequency characteristic is dif-
erent between the velocity and disparity conditions. In
he velocity condition, the sensitivity data show a band-
ass tuning with a peak at about 1 cps except for observer
N at 1.9 cycles/deg. In the disparity condition, the
ensitivity data show a low-pass characteristic except for
bserver TN at 0.95 cycles/deg.

The same statistical test as that in experiment 1 was
erformed to examine whether the dependency of sensi-
ivity on temporal frequency is different between the ve-
ocity and disparity conditions. We calculated a correla-
ion coefficient for the data pairs averaged over spatial
requencies to focus on the effect of temporal factors. The
est showed that the correlation is not statistically signifi-
ant between the velocity and disparity conditions
lthough it is close to the significant level of 5%
t=2.28,df=5,p�0.05�. In contrast, the correlation be-
ween the velocity and combined cue conditions is highly
ignificant �t=9.72,df=5,p�0.0002�. The correlation be-
ween the combined cue and the disparity conditions is
ot significant although it is close to the significant level

ig. 6. Contrast sensitivity as functions of temporal frequency
or different spatial frequency separately, for three stimulus con-
itions. The left panels are for TN and the right ones are for KY.
he top panels show the results in the velocity condition, the
iddle in the disparity condition, and the bottom in the com-

ined cue condition. Error bars indicate the standard error of
eans obtained through a probit analysis. Error bars are not

hown when standard error is smaller than the symbol.
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f 5% �t=2.56,df=5,p�0.05�. Although we do not claim
hat there is no correlation between the disparity and the
ther conditions, we claim that it is weaker than that be-
ween the combined cue and velocity conditions. This is
onsistent with a two-channel model rather than a single-
hannel model, which predicts a similar correlation be-
ween all pairs of the three conditions. These results,
herefore, confirmed the difference in temporal frequency
uning between the mechanisms that process IOVD and
CT.
The effect of spatial frequency is similar among condi-

ions in terms of the reduction of sensitivity for higher
patial frequencies. This general tendency agrees with
ensitivity reduction for detailed features defined by mo-
ion or disparity [2,49–53]. Another tendency is that sen-
itivity tuning in the velocity condition is at higher spa-
ial frequencies than that in the disparity condition. The
ighest sensitivity was found at 0.24 cycles/deg in the
isparity, whereas it was at 0.48 cycles/deg in the velocity
ondition. Furthermore, sensitivity is lower in the dispar-
ty condition than in the other conditions at high spatial
requencies. This agrees with a recent paper that showed
hat spatial resolution for speed discrimination of motion
n depth was higher with velocity cues than without them
57]. The result suggests that spatial characteristics are
lso different between the velocity and disparity condi-
ions, and this issue should be fully probed in further
nvestigations.

. EXPERIMENT 3
xperiment 3 was conducted to examine the effects of two

actors that were not controlled in experiments 1 and 2.
irst, the task in the disparity condition was different

rom that in the other conditions. We were not concerned
ith possible sensitivity differences due to task differ-
nces since our purpose was to compare the frequency de-
endencies among different conditions. However, we can-
ot rule out the possibility that task differences influence
he frequency dependency. To avoid the problem, we used
he same task in all conditions in experiment 3.

Second, we used cycles less than 1 at low temporal fre-
uencies in experiments 1 and 2 to minimize the effect of
ye movements. Experiment 3 used a method of adjust-
ents to measure contrast thresholds for seeing motion

n depth. The stimulus was the same in the disparity con-
ition as that of the previous experiments. In the velocity
nd combined cue conditions, the path of motion in depth
as a straight line parallel to the head direction rather

han rotation in depth. The same oscillation in depth was
sed in all three conditions. In the velocity condition, the
bservers reported that they had difficulties extracting
otion in depth because they saw lateral motion in addi-

ion to motion in depth. They described the lateral motion
hey saw as either in one direction or a spatial mixture of
he two (often dots in the left and right halves were seen
oving in opposite directions). Despite the subjective dif-

culties, they managed to perform the task with a good
recision after a few training sessions. In the training
essions, they experienced clear perception of motion in
epth with high contrast (but not too high to avoid the in-
uence of binocular rivalry in the velocity condition)
timulus. Stimulus temporal frequency was informed be-
ore settings in the experimental sessions as well as train-
ng sessions. This was to avoid possible confusion between

otion-in-depth signals with other temporal factors, par-
icularly in the disparity condition, where replacements of
he dots caused continuous transient signals.

. Method
n experiment 3, the observers controlled dot contrast so
hat the motion in depth was just detectable while the
timulus was continuously moving at a given temporal
requency. Because of the long stimulus presentation, we
annot rule out the possible influence of vergence eye
ovements in this experiment. However, we do not think

he effect was serious. Vergence is known to respond with-
ut perceiving motion in depth, and relative motion is
sually necessary to see motion in depth [58]. We used
elative motion stimuli, and the observer’s task was to de-
ect the relative motion in depth between the top and bot-
om halves. One spatial condition of 0.24 cycles/deg was
sed. There were three stimulus conditions and five tem-
oral frequencies (0.31, 0.63, 1.25, 2.5, and 7.5 cps). Two
ew observers participated in the experiment and ran two
essions of five adjustments in each condition. They had
ormal or corrected to normal visual acuity, binocular vi-
ion, and no history of any vision related diseases. The ob-
ervers also adjusted the contrast so that the dot pattern
as just visible in each stimulus condition to measure the

ensitivity of pattern detection. The contrast threshold for
tatic depth in a static random-dot stimulus was also
easured with a disparity of 8 min (the top half had a

ross disparity and the bottom half had an uncrossed
isparity).
This experiment used a apparatus similar to the one in

xperiments 1 and 2. Stimulus was presented on a color
onitor (Sony CPD-G500J) controlled by a computer

Apple Power Macintosh G4). The left and right images
ere presented side by side on the monitor and observed

hrough a mirror stereoscope. Careful calibration was
ade to realize the output linearity for the monitor. The

timulus size and resolution was the same as in the pre-
ious experiments, but the background luminance was
0 cd/m2 and the display refresh rate was 60 Hz.

. Results and Discussion
igure 7 shows the contrast sensitivity as a function of

emporal frequency. The differences between the velocity
nd disparity conditions are clear. Although the frequency
ependencies in the disparity condition are slightly band-
ass rather than low pass as in experiment 1, the sensi-
ivity in the disparity condition tends to become higher
han that in the velocity condition at lower temporal fre-
uencies. To show this point more clearly, Fig. 8 shows a
elative sensitivity between the velocity and disparity
onditions (Velocity/Disparity) as a function of temporal
requency for each of the observers of experiments 1 and
. All observers from the two experimental conditions
howed that the ratio increases with temporal frequency,
ndicating the relative importance of velocity cues at high
emporal frequencies. These results confirmed that the
wo mechanisms with different temporal tuning contrib-
te to seeing motion in depth. The same tendency is seen
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or both observers despite the large difference in relative
ensitivities between the velocity and disparity condi-
ions.

The result in the combined cue condition is interesting.
he frequency dependency between the two observers is
ifferent. For observer MO, the sensitivity appears to fol-
ow the sensitivity of the velocity condition and for ob-
erver ST it seems to follow that of the disparity condition
n general. However, the sensitivity appears to follow the
nvelope of the sensitivity functions in the velocity and
isparity conditions for both observers if we consider the
esults at the highest frequency for ST and the lowest fre-
uency for MO. The quick reduction of sensitivity to the
isparity cue seems to reveal the use of the velocity cue in

ig. 7. Contrast sensitivity as a function of temporal frequency
or each stimulus condition in experiment 3, where the same task
f detection of motion in depth was used in all stimulus condi-
ions. Error bars indicate standard error of means (not shown
hen it is smaller than the symbol). The data points with arrows

ndicate the condition where sensitivity was too low to measure.
pen symbols are for pattern detection and filled symbols are for
otion in depth. The arrows directed to the left indicate the con-

rast sensitivity to static display, and the arrows at the horizon-
al axis indicate that the sensitivity was too low to measure.
he combined cue condition for ST at the highest fre-
uency. The quick reduction of sensitivity to velocity cue
eems to reveal the use of the disparity cue in the com-
ined cue condition for MO at the lowest frequency.
The same statistical test was performed to examine

hether the dependency of sensitivity on temporal fre-
uency is different between the velocity and disparity
onditions. The test showed that the correlation is not sta-
istically significant between the velocity and disparity
onditions �t=0.75,df=8,p�0.4� while it is significant
etween the velocity and combined cue conditions
t=2.98,df=8,p�0.02�. The correlation between the
ombined cue and disparity conditions is not significant
t=0.74,df=8,p�0.4�. The result for the individual ob-
erver was similar. Correlation was never even close to a
ignificant level between the velocity and disparity condi-
ions for the two observers, and significant correlation
as found only between the velocity and combined cue

onditions for MO. The correlations between the velocity
nd disparity conditions, between the velocity and
ombined cue conditions, and between the disparity
nd combined cue conditions are �t=1.42,df=3,p�0.2�,
t=0.34,df=3,p�0.2�, and �t=2.51,df=3,p�0.08� for ST
nd �t=0.21,df=3,p�0.8�, �t=6.43,df=3,p�0.01�, and
t=0.51,df=3,p�0.6� for MO.

The results for stimulus detection are similar in all
hree conditions for both observers. Although sensitivity
n the disparity condition is slightly lower than those in
he other conditions, the large difference in shape of the
uning functions, such as that found for motion in depth,
s not seen. The correlation between the data of each pair
f the three conditions is significantly different from no
orrelation (t=2.46, 2.88, and 2.32 for the velocity versus
he disparity, the disparity versus the combined, and the
elocity versus the combined, respectively, and df=3,
�0.05 for all). This suggests that the differences in tem-
oral characteristics among conditions for motion in
epth cannot be attributed to the difference in stimulus
isibility.

The results of experiment 3 are consistent with the re-
ults in experiments 1 and 2 in general. This confirms the
onclusion that there are two different mechanisms with
ifferent temporal frequency tuning for motion in depth.

ig. 8. Sensitivity ratio between the velocity and the disparity
onditions as a function of temporal frequency for all the observ-
rs in experiments 1 and 3.
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his also indicates that the smaller number of rotation
ycles in experiments 1 and 2 was not crucial for the dif-
erence in temporal frequency dependency between the
elocity and disparity conditions.

. DISCUSSION
he present experiments showed differences in temporal
haracteristics for seeing motion in depth between the ve-
ocity and disparity conditions. Our measurements sug-
est that the visual system remains sensitive to velocity
ues in relatively high temporal frequency stimulations
nd to disparity cues in relatively low temporal frequency
timulations. We made an additional analysis before
rawing conclusions. The correlation analysis above is in-
ependent of multiplicative changes of data values, and
he analysis is appropriate for the mechanisms with loga-
ithmic coding. Although logarithmic nonlinearity is often
ssumed in the visual system as a first approximation, it
s not necessarily true. Showing the difference in peak
requency is one of the more appropriate ways to show the
ifference in sensitivity tuning because it is not influ-
nced by changes in absolute sensitivity as long as there
s a monotonic relationship between the input and output
olds. We estimate the peak frequency of each temporal
uning function from the Gaussian function fitted to the
ata for each condition of four observers in experiment 1
nd two observers in experiment 3. The results showed a
lear difference between the velocity and disparity condi-
ions: Average peak frequencies are 0.79, 0.78, and 0.5 for
ombined cue, velocity, and disparity conditions, respec-
ively. We used a nonparametric test (Wilcoxson sign rank
est) to examine whether the differences between the con-
itions are statistically significant. The test showed the
eak difference between the velocity and disparity condi-
ions is statistically significant �p�0.015� while it is not
etween the combined cue and velocity or the disparity
onditions (p�0.44 or p�0.13). We used a nonparametric
est because the peaks estimated in the disparity condi-
ions may have relatively large errors because of the lack
f data at low frequencies, although the t test showed the
ame pattern of the results. Based on the experimental
esults and the above analysis, we claim that two mecha-
isms with differences in temporal frequency tuning con-
ribute to the perception of motion in depth. The mecha-
ism sensitive to IOVDs tunes to higher temporal
requencies, and the one sensitive to DCT tunes to lower
emporal frequencies.

There is a different view in the literature from the
resent one that assumes two motion-in-depth mecha-
isms sensitive to different temporal frequencies. Cum-
ing and Parker [9] reported little influence of monocular
otion signals in a variety of experimental conditions,

omparing the threshold of motion amplitude for detect-
ng motion in depth with and without velocity informa-
ion. These results may suggest that the detection of mo-
ion in depth based on IOVDs plays only a secondary role.
arris and Rushton [13] reported experimental results

hat are consistent with this view. They measured the in-
uence of the stationary noise dots on the velocity thresh-
ld of a dot moving in depth and found that stationary
oise deteriorated the detection of motion in depth. This
ay imply that threshold for motion in depth is deter-
ined by the disparity sensitive mechanism with little

ontribution of the velocity sensitive mechanism.
Our findings of the differences in temporal frequency

ependency suggest different roles of the two mecha-
isms, but it is a different question whether either of the
wo mechanisms is superfluous in general conditions. If
he sensitivity of either one to the stimulation with both
ues is independently higher than that of the other of the
emporal conditions, the other one may only have a sec-
ndary role. Absolute sensitivity with each cue should be
ompared to answer this question. Although this is not
ur primary interest and the present experiments were
ot designed to answer the question, we discuss below
ome implications of our results.

Our results show that sensitivity is higher in the veloc-
ty condition than in the disparity condition at a wide
ange of spatiotemporal frequencies. If we assume that
he task difference between the velocity and disparity
onditions does not influence the threshold, the results in-
icate importance of the mechanism to process IOVD in
he conditions we used. However, we do not think that it
s appropriate to directly compare thresholds between the
ifferent conditions and tasks.
The comparison between the velocity and combined cue

onditions provides more useful information of the rela-
ive strength between the disparity and velocity cues. If
here was a large contribution of disparity cue in the com-
ined cue condition, the sensitivity should be much
igher in the combined cue condition than in the velocity
ondition. If, on the other hand, there is no contribution of
he disparity cue, the sensitivity should be the same in
he two conditions. Our results show that the sensitivity
n the velocity condition is similar to but somewhat lower
han that in the combined cue condition (one exception is
he data of ST in experiment 3). In the results of experi-
ent 1, sensitivity in the combined cue condition is never
ore than twice that in the velocity condition. This indi-

ates that the velocity cues play a nontrivial role in the
ombined cue condition.

The sensitivity difference between the velocity and
ombined cue conditions can be attributed to the lack of
he disparity cue at low temporal frequencies. At low tem-
oral frequencies, sensitivity to disparity is relatively
igh, and the signal of disparity process is likely to con-
ribute to perception of motion in depth in the combined
ue condition. The difference at high temporal frequen-
ies, however, is unlikely to be due to the contribution of
he disparity sensitive mechanism. Since the sensitivity
eduction at high temporal frequencies in the disparity
ondition is more severe than that in the other conditions,
ontribution of the disparity cue should decrease with
emporal frequency. One possible interpretation of the
ensitivity difference between the conditions at high tem-
oral frequencies is the influence of binocular rivalry. The
trength of binocular rivalry depends on the stimulus con-
rast and little rivalry is seen with contrast lower than
0% when the presentation duration is as short as 0.7 s.
ot contrast is higher than 30% at a threshold at high

emporal frequencies in many conditions, and binocular
ivalry possibly deteriorates the observer’s performance
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t high temporal frequencies as shown in a previous pa-
er using similar stimuli [12]. Absence of binocular ri-
alry, instead of the addition of disparity signals, could
rovide an advantage in the combined cue condition over
he velocity condition. The above arguments lead us to
onclude that sensitivity does not reduce much when the
isparity cues are removed and that IOVDs can be the
rimary source of information to see motion in depth at
east in some conditions.

Next, we discuss the possible causes of the differences
etween the previous and present papers. Cumming and
arker [9] and Harris and Rushton [13] showed little in-
uence of velocity cues on perception of motion in depth
hile the present experiments showed a large influence.
he first factor that may cause the differences between
he studies is individual variation in relative sensitivities
o the velocity and the disparity. It is possible that rela-
ive sensitivity differs among different observers and also
mong different types of sensitivity measurements. For
ndividual variation, there was a report from our labora-
ory that showed large inter-observer differences in rela-
ive sensitivity between the velocity and disparity condi-
ions [58]. The study used stimulus conditions that were
he same as those in experiment 1 (0.24 cycles/deg and
.4 cps) and measured the contrast sensitivity of 24 naive
bservers. The results showed that 11 observers were
ore sensitive to the velocity cue than to the disparity

ue while the rest of the observers were more sensitive to
he disparity cue. The correlation between the sensitivi-
ies in the two stimulus conditions for the observers was
nalyzed, and the correlation coefficient was found to be
.29. The low correlation suggested that there are two
echanisms with an independent individual variation in

ensitivity. The observers in the present experiments also
howed large differences in relative sensitivity between
he two stimulus conditions (Figs. 5 and 7). This is also
upported by a recent paper that showed an individual
ariation among stereo blind people in relative sensitivity
o the velocity and the disparity [59].

The second factor that may cause the differences be-
ween the different studies is the stimulus contrast. We
easured the contrast threshold with a fixed amplitude of
otion in depth, and the stimulus contrast was lower

han 10% in many of the trials. Cumming and Parker [9]
nd Harris and Rushton [13] measured the thresholds of
otion amplitude with high contrast stimuli. The dispar-

ty threshold as well as the motion amplitude threshold
sually decreases with contrast, but the dependency of
hreshold on contrast differs among different stimulus
onditions [46,60]. The different influences of the stimu-
us contrast on the sensitivity to the velocity and dispar-
ty cues could cause the difference in the relative contri-
ution to motion in depth. Higher amplitude sensitivity in
ne condition than in the other does not necessarily imply
igher contrast sensitivity. The two techniques are
omplementary to each other in general, but there is an
mportant advantage to measuring contrast threshold in
ur experiments. With contrast threshold measurements,
ne can use binocularly uncorrelated random-dot stimuli,
inimizing the influence of the binocular rivalry and can

lso use high speed and/or amplitude stimuli to strongly
ctivate the motion-based mechanism.
. CONCLUSIONS
e measured contrast sensitivity to investigate temporal

requency tuning for velocity modulation in the conditions
here either the velocity or disparity cue was isolated.
he results showed differences in temporal characteris-

ics between these conditions, suggesting that the two
echanisms with different temporal characteristics con-

ribute to the perception of motion in depth. The two pos-
ible mechanisms, perhaps, compensate each other to
ope with a wide variety of stimulation received in the
veryday situation.
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