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Summary
Background: It is known that the visibility of patterns
presented through stationary multiple slits is significantly improved by pattern movements. This study investigated whether this spatiotemporal pattern interpolation is supported by motion mechanisms, as opposed
to the general belief that the human visual cortex initially
analyses spatial patterns independent of their movements.
Results: Psychophysical experiments showed that
multislit viewing could not be ascribed to such motionirrelevant factors as retinal painting by tracking eye
movements or an increase in the number of views by
pattern movements. Pattern perception was more
strongly impaired by the masking noise moving in the
same direction than by the noise moving in the opposite
direction, which indicates the direction selectivity of the
pattern interpolation mechanism. A direction-selective
impairment of pattern perception by motion adaptation
also indicates the direction selectivity of the interpolation mechanism. Finally, the map of effective spatial
frequencies, estimated by a reverse-correlation technique, indicates observers’ perception of higher spatial
frequencies, the recovery of which is theoretically impossible without the aid of motion information.
Conclusions: These results provide clear evidence
against the notion of separate analysis of pattern and
motion. The visual system uses motion mechanisms to
integrate spatial pattern information along the trajectory
of pattern movement in order to obtain clear perception
of moving patterns. The pattern integration mechanism
is likely to be direction-selective filtering by V1 simple
cells, but the integration of the local pattern information
into a global figure should be guided by a higher-order
motion mechanism such as MT pattern cells.
Introduction
According to a currently prevailing hypothesis, our brain
processes spatial patterns and movements by separate
subsystems, each starting with nondirection-selective
and direction-selective neural sensors. This hypothesis
is motivated by anatomical segregation of ventral and
dorsal pathways, which respectively contain neural
mechanisms suitable for the analysis of pattern and
motion [1–3]. It is also supported by perceptual phenomena such as the perception of motion without the sense
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of pattern [4, 5] or the perception of pattern without the
sense of motion [5, 6]. It is debatable, however, whether
this parallel processing structure fully accounts for our
successful perception of clear-moving patterns.
As opposed to the notion of separate processing,
several forms of perceptual interaction between pattern
and motion are known. Although most of them could be
interpreted as occurring after separate analysis of the
two attributes in different visual areas [7–12], a few suggest the existence of pattern-motion interactions at early
processing stages. One is the influence of pattern orientation on motion perception, which suggests that the
motion system may use motion streaks (speedlines) left
by moving targets [13–17]. Another case, which this paper will address and which possibly indicates the complementary influence of motion on pattern perception,
is spatiotemporal pattern interpolation [18, 19]. Consider
an array of vertical slits, each having one pixel width.
The slit separation is so wide that a stationary pattern
shown through the slit array is hard to recognize. However, when a pattern is horizontally moving behind the
stationary slit array, it can be effortlessly recognized
in spite of only a fraction of the image being actually
presented at any instant of time (see also [20–24]).
The spatiotemporal interpolation suggests that pattern perception may be facilitated by motion information. Specifically, it suggests that the direction-selective
neural mechanisms may selectively integrate spatial
pattern information that moves in the retinal image at
the same speed [24–29]. Such a mechanism is generally
useful to attain unblurred perception for moving patterns
[26, 27, 30]. In spite of its theoretical importance, however, supporting evidence of this hypothesis is still
sparse and conflicting [31–35].
In both electrophysiology and psychophysics, direction selectivity has been recognized as direct evidence
of motion processing [36, 37]. To test the involvement
of motion mechanisms in spatiotemporal pattern interpolation, I investigated the direction selectivity of the
underlying mechanism by using both classical psychophysical techniques of masking and adaptation, which
have been proven to be useful in assessing stimulus
selectivity [38], and a modern psychophysical reverse
correlation technique [39, 40], which is a powerful
method for estimating the pattern representation in the
observer’s brain. The results altogether provide strong
evidence of the involvement of motion mechanisms in
pattern perception. In addition, they suggest the contribution of both the lower and higher neural mechanisms
in the hierarchy of visual motion processing. In contrast
to the general belief, our successful perception of dynamic visual world appears to be supported by tight
and global interplay of pattern and motion processing.
Results
Retinal Painting by Tracking Eye Movements
Before directly examining the notion of motion-based
pattern interpolation, I tested a few alternative accounts.
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Figure 1. Stimulus Configuration
(A) The letter pattern presented behind the slits. Two sets of letters
move in the opposite directions (as indicated by arrows). A panel
with diagonal stripes, presented below, is a space-time (X-T) plot
of a line of the lower-letter set.
(B) The pattern presented with stationary multiple slits. The condition
of interslit separation was 32⬘. In this stationary figure, letter identification is almost impossible because of the presence of slits. However, letter movement significantly improves the visibility of the letters. A demonstration movie is available at http://www.brl.ntt.co.jp/
people/nishida/demo.

Retinal painting of a slit image by tracking eye movements has been proposed as a possible explanation
of slit viewing (including both single- and multiple-slit
cases) [33, 34, 41]. Tracking eye movements indeed
improved pattern recognition in multislit viewing, but
the question is whether it is always necessary. In the
first experiment, two letters were presented for 320 ms
through separate slit arrays. The moving directions of
the two letters were opposite each other [21] and unpredictable to the observer (Figure 1). The observer’s task
was to report both of the letters while maintaining fixation at the display center. Figure 2A shows the percent
of trials in which the observer could correctly report the
two letters, as a function of slit separation. Although the

Figure 2. Letter Identification Was Better When the Letters Moved
Behind the Slits Than When They Were Stationary
(A) The percent of trials in which the observer could correctly identify
the two letters is plotted as a function of slit separation. The exposure duration was 320 ms (64 frame). The results of four observers
are shown. The error bars indicate the standard errors across blocks.
An open cross symbol indicates the data obtained when the order
of motion sequence was randomized (for S.N., H.K., and M.H., only).
(B) The letter identification performance (in terms the threshold slit
interval for which the proportion of correct trials was 50%) is plotted
as a function of the number of frames (bottom abscissa)/exposure
duration (top abscissa). The effects of letter movements were evident even when the exposure duration was less than 100 ms.

contribution of tracking eye movements was expected
to be excluded, letter-identification performance was
significantly better when the letters were moving than
when they were stationary.
I also examined the effect of exposure duration (by
changing the number of movie frames). The letter identification performance was evaluated in terms of the
threshold slit interval for which the proportion of correct
trials was 50%. The larger threshold interval implies the
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better letter identification. The result (Figure 2B) indicates that the letter movement improved the letter identification even when the exposure duration was less than
100 ms, which was obviously too brief for the observer
to track the two letters moving in the opposite directions.
These results strongly suggest that the spatiotemporal
interpolation does not require the retinal painting by
tracking movements, at least in the case of multislit
viewing.
Number of Samples
Another factor that potentially improves the letter identification by pattern movements is an increase in the number of images differently sampled through the slits. It is
possible that critical features of some characters may
be visible only in particular sampling phases. To reduce
the disadvantage of the stationary letter with regard to
this aspect, all the experiments reported in this paper
used a display in which each slit array contained 16
letters, all the same alphabet character at irregular positions and orientations, to show at least some of the
letters in their “good” sampling phases. Nevertheless,
the letter identification was greatly improved by letter
movements, as described above. Additionally, when the
same 64 frames (320 ms) of letter motion sequence were
presented in a random order [34], the letter identification
was not greatly improved as compared to the stationary
condition (Figure 2A, open cross). This suggests that
the increase in the number of samples is not sufficient
as an explanation of multislit viewing. Further support
for this conclusion was provided by the results of the
following experiments.
Spatiotemporal Structure of Multislit Display
For further discussion of the neural mechanisms underlying multislit viewing, I should explain spatiotemporal
structure of the multislit display, and a computational
problem that the visual system has to solve. Figure 3A
shows a three-dimensional (3D) space-time illustration
of a moving letter “A” presented without slits and its
Fourier spectrum. Since the letter is moving at a constant speed, all the frequency components lie on a single
plane in the 3D Fourier space (Figure 3B) and on a single
line in a two-dimensional (2D) temporal frequency versus
horizontal spatial frequency space. The plane/line passes through the origin, and the slant is linearly related
to the pattern speed. When the letter is shown through
slits (Figure 3C), a sampling aliasing noise is added to
the spectrum (Figure 3D). The interval between the noise
and signal is inversely proportional to the interval of the
slits. If the temporal change in the stimulus is not taken
into account, the aliasing noise makes it impossible to
recover the original pattern signal (Nyquist-Shannon
sampling theorem [42]). However, since the signal and
noise are separated in the 3D Fourier space (also in
the 2D temporal-frequency versus horizontal spatialfrequency space), it is theoretically possible to recover
the original pattern with an infinite accuracy by the analysis of the spatiotemporal structure of the stimulus [25,
43, 44].
Pattern interpolation in the real space-time domain
can be regarded as a filtering operation in the Fourier

domain. Two types of filtering are capable of extracting
the original pattern signal and excluding the sampling
noise. One is nondirection-selective filtering (Figure 3E).
A low-pass filtering both in spatial and temporal frequency domains can selectively extract low spatial-frequency components of the signal [35]. The other one
is direction-selective filtering of the signal components
(Figure 3F). In the real space-time domain, this possibility implies the integration of pattern information over
the trajectory of the pattern movement (motion-based
pattern processing). These two possibilities can be distinguished on the basis of two features. One is the direction selectivity per se, and the other is the range of
spatial frequency components that can be recovered.
The next two experiments examined the first point, and
the last experiment examined the second point.
Noise Masking
The direction specificity of multislit viewing was tested
by means of a masking technique. Interslit areas were
filled with a random noise mask that coherently moved
in the same direction as or the opposite direction to the
letter movement (Figure 4A). The slits and the mask were
not physically overlapped. The percent of correct trials
was measured as a function of the noise contrast. If the
underlying mechanism of multislit viewing is not sensitive to motion direction, the masking effect on letter
identification should remain the same regardless of the
direction of noise motion relative to letter motion. The
results (Figure 4B), however, indicate that the masking
effect (i.e., impairment of letter identification) was much
larger for the mask moving in the same direction than
that moving in the opposite direction.
In the above experiment, the speed of the noise movement was matched with that of the letter movement. To
investigate the speed tuning of the masking effect, I
measured the threshold slit interval while systematically
varying the speed of the noise masker. As shown in
Figure 4C, for the noise moving in the opposite direction,
the masking effect was nearly the same as the stationary
masker regardless of the noise speed. The masking effect however was significantly increased for the noise
moving in the same direction, with the strongest masking effect being observed at around the condition where
the speeds of the letter and noise were matched. The
results thus suggest that the masking effect is broadly
tuned to the stimulus speed.
The direction and speed selectivity of the masking
indicates that letter recognition in multislit viewing is
mediated by a mechanism that is sensitive to pattern
motion, which integrates pattern signals moving in the
same direction (and at a similar speed) more than those
moving otherwise.
Motion Adaptation
The next experiment employed a motion-adaptation
technique. Under adaptation to drifting random lines,
the percent of correct trials was measured for the stimuli
moving in the same direction as or the opposite direction
to the adapted direction. The results (Figure 5) indicated
that the letter identification was significantly worse for
the letters moving in the adapted direction than those
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Figure 3. The Spatiotemporal Structure of
Multislit Display
(A) A 3D space-time (X-Y-T) plot of an original
unsampled moving letter “A.”
(B) The Fourier spectrum of (A), which is lying
on a single plane passing through the origin.
(C) A 3D space-time plot of a moving letter
sampled by a vertical slit array.
(D) The Fourier spectrum of (C). Due to the slit
sampling, aliasing noise components appear
on the planes parallel to the signal plane.
(E) A 2D Fourier spectrum of the sampled
image (top view of [D]). Dashed lines indicate
the spatial Nyquit frequency (1/2w, where w
is the slit interval). Gray area indicates the
passband of the optimal nondirection-selective spatiotemporal low-pass filter that segregates signal from noise. The signal components higher than the Nyquist frequency
cannot be recovered.
(F) The passband of a direction-selective filter
that segregates signal from noise. The signal
components higher than the Nyquist frequency can be recovered.

moving in the opposite direction. Motion adaptation impaired letter identification for the adapted direction, or
improved letter identification for the opposite direction.
These performance changes appear to correlate with
the impairment of the motion perception in the adapted
direction and/or the facilitation of the motion perception
in the nonadapted direction, for the conditions with large
slit intervals. The direction-selective adaptation effect
also indicates that the motion information plays a critical
role in pattern perception in multislit viewing.
Spatial-Frequency Map
The final experiment investigated the degree to which
pattern information is recovered in multislit viewing in
terms of the range of spatial frequency and orientation.
As noted above, if spatiotemporal interpolation in
multislit viewing is mediated by nondirectional low-pass
filtering, there is a theoretical upper limit of the signal

spatial frequency that can be recovered. Specifically,
as is evident in Figure 3E, given that the slit-sampling
interval is w, the upper horizontal spatial frequency
should be 1/2w, which corresponds to the Nyquist spatial frequency of the slit sampling. In the case of direction-selective filtering, on the other hand, there is no
such theoretical limit (Figure 3F). Therefore, the recovery
of the horizontal spatial-frequency components higher
than the Nyquist frequency can be regarded as evidence
that the underlying mechanism of multislit viewing is
direction selective, and more importantly, it indeed
makes use of motion information for effective interpolation of moving spatial patterns.
A variant of the psychophysical reverse-correlation
technique was used to estimate the spatial-frequency
map of the recovered pattern [39, 40]. In brief, I divided
image components into numerous, small spatial-frequency subbands, presented various letter images while
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Figure 5. Direction-Selective Adaptation of Letter Identification
The percent of correct trials measured after adaptation to moving
random lines is plotted as a function of slit interval. Letter identification was worse when the adapted direction was the same as the
letter movement (filled circle) than when it was opposite (open
square). The data measured without adaptation are shown for comparison (open cross, replotted from Figure 2A).

Figure 4. Direction-Selective Masking of Letter Identification by
Random-Dot Noise
(A) A slit array with 50% contrast noise. A space-space (X-Y) plot,
as well as space-time (X-T) plots for the noise moving in the same
direction as or that opposite to the letter movement.
(B) The percent of correct trials as a function of noise contrast. The
noise movement was in the same direction (filled circles) or in the
opposite direction (open squares). A dashed line indicates the performance measured without noise. The speed of the noise movement was matched with the letter movement (6.7⬚/s). The exposure
duration was 320 ms. The interslit interval was determined for each
observer in a pilot test as the value that gave ⵑ50% identification
with the 25% contrast noise moving in the same direction (28⬘,
28⬘, 26⬘, and 22⬘ for S.N., H.K., M.H., and I.M., respectively). Letter
identification was impaired more effectively when the noise moved

randomly including or excluding each subband component (Figures 6A–6C), and measured the letter identification performance. The stimulus was presented without
slits in a control condition and with slits in the main
condition. The letter image was filtered before, not after,
slit sampling. The contribution of each subband to letter
identification, or impact factor, was estimated by the
correlation of the presentation states of the subband
with observer’s judgments. The impact factor was expected to be positive if the observer was able to correctly perceive that subband and use the obtained information for the letter identification.
In the impact factor maps (correlograms of letter identification, Figure 6D), the subbands showing positive
factors (indicated by green) clustered at a relatively low
spatial-frequency range. This is because of the use of
fairly large fonts. Without slits (Figure 6D, left), the upper
band of vertical spatial frequency was approximately
two cycles/32⬘. This corresponded to 5.75 cycles/letter
height, which was slightly higher than the reported best
spatial-frequency band for letter recognition estimated
by other methods (e.g., approximately three cycles/
character [45]). In comparison with the no-slit condition,
the green area further shrinks for the slit condition
(interval ⫽ 32⬘, Figure 6D, right). This means that the
observer could not perfectly recover the original pattern
signal when it was presented through the widely separated slits. (cf., At the interval of 32⬘, the letter identification was nearly impossible for stationary letters, and the

in the same direction. Demonstration movies are available at http://
www.brl.ntt.co.jp/people/nishida/demo.
(C) Speed tuning of the noise masking. The letter identification performance (in terms the threshold slit interval for which the proportion
of correct trials was 50%) is plotted as a function of the noise speed.
The speed of letter movement (6.7⬚/s) is indicated by an arrow. The
results indicate that the noise masking is broadly tuned to speed.
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Figure 6. The Estimation of the Map of Perceived Spatial Frequencies
(A) An example of random-frequency mask
(window open rate: 50%).
(B) An example of filtered image.
(C) An example of a filtered image shown
through slits (interslit interval: 32⬘).
(D) The spatial frequency map (correlogram)
of letter identification obtained without slits
and with slits. Each map is based on 6000
trials (12,000 responses) by three observers.
The percent correct was 60.7% for the noslit condition and 51.1% for the slit condition.
For each condition, the top panel is the frequency map for the full 32 ⫻ 32 subband
windows (from zero to eight cycles, corresponding to the first quadrant of the mask
shown in [A]). Spatial frequency is expressed
in terms of slit sampling cycle (one cycle ⫽
1/32⬘). The color indicates the correlation coefficient of the state of each subband and the
observers’ response. Green indicates that the
pattern components in this subband had positive contribution to the letter identification
(i.e., somehow visible). Since such subbands
cluster in the lower spatial frequency range,
the frequency map up to two cycles is magnified in the bottom panel. In the right panel (slit
condition), a dashed vertical line indicates the
Nyquist frequency of slit sampling (a half of
the sampling frequency). The correlogram indicates that the frequency components
higher than this Nyquist frequency were perceived by the observers. This theoretically requires direction-based pattern interpolation.

single-letter identification for unfiltered moving letters
was ⵑ90%.) Nevertheless, the green area extends beyond the Nyquist horizontal spatial frequency (0.5 cycles/slit interval), with the best subband (that showing
the highest correlation coefficient) being present in the
over-Nyquist range. As noted above, this result theoretically implies that the visual system does use the motion
information for spatiotemporal pattern interpolation. In
addition to the spatial frequency, one can read from the
2D correlograms how different orientation components
contributed to the pattern identification. The ratio of the
horizontal frequency relative to the vertical frequency
determines orientation—as the vertical frequency increases, the image component becomes the more
slanted from the vertical slits. The distribution of the
green area indicates contribution of a wide range of
orientations.
Discussion
By analyzing the spatiotemporal pattern interpolation
for a multislit display, this study provided several lines

of clear evidence of the involvement of motion mechanisms in pattern perception. First, simultaneous perception of two briefly presented and oppositely moving letters (Figure 2) indicates that the spatiotemporal
interpolation does not require the retinal painting by
tracking eye movements. Second, the effect of random
ordering of motion sequence (and the effects of noise
masking and motion adaptation as well) indicates that
the increase in the number of samples alone is unable
to account for the spatiotemporal interpolation effect.
Third, the direction-selective impairment by noise making (Figure 4) indicates the direction selectivity of the
interpolation mechanism. Fourth, the same conclusion
is supported by the direction-selective impairment by
motion adaptation (Figure 5). Finally, the motion-induced
interpolation makes it possible to perceive the overNyquist spatial-frequency components, which are, theoretically, impossible to recover without the aid of motion
information (Figure 6). These results all together indicate
that the spatiotemporal interpolation is based on the
brain’s integration of spatial pattern information along
the motion trajectory, as opposed to the currently pre-
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vailing notion of separate processing of pattern and
motion.
It has been shown that the performances of spatiotemporal pattern interpolation are positively correlated
with the quality of visual motion [19, 25, 29]. For instance,
reduction of the number of motion frames deteriorated
both the smooth motion perception and the spatiotemporal interpolation [19]. Although such results can be
interpreted as indicting some relevance of motion mechanisms to spatiotemporal interpolation, they do not directly demonstrate the direction-selective integration of
pattern information.
Several forms of perceptual interaction between pattern and motion are known. They include the perception
of shape defined by motion discontinuities [7, 8], the
distortion of apparent position and shape by motion
signals [10–12], and the effects of spatial patterns on
motion integration [9]. These interactions could be interpreted as occurring after separate analysis of the two
attributes in different visual areas. On the other hand,
the spatiotemporal interpolation in multislit viewing (as
well as the effects of pattern orientation on motion perception [13–17]) suggests an interaction at the earlier
stages. Unlike the perception of motion-defined shapes
[7, 8], the perceived motion is spatially coherent, so that
motion per se gives no shape information. Instead, what
is seen is a luminance-defined pattern, which is supposed to be encoded in early visual processing. It is
known that human visual-motion processing consists
of multiple stages. According to the standard model
[46–51], local motion signal is first extracted by direction-selective spatiotemporal filtering. Then, local motion energy is computed by summing the squared outputs of a pair of quadrature phase filters. In a higher
stage, the true 2D motion vector is recovered through
selective integration of local motion energies across orientations, across spatial frequencies, and over space.
It has been suggested that these functional stages may
correspond to direction-selective V1 simple cells, complex cells, and MT pattern cells, respectively [49, 50,
52–57]. Which stages of motion processing are involved
in motion-based pattern interpolation? A good candidate is the initial direction-selective filters, since they
are sensitive not only to motion direction, but also to
pattern orientation and spatial frequency, thus being
able to integrate pattern information over motion trajectory [25–27]. Indeed, when a linear spatiotemporal filter
tuned to pattern motion direction is applied to a spacetime plot of a multislit display, a continuous spatiotemporal pattern, similar to the original pattern, can be obtained (Figures 7B and 7C). In the next stage, however,
since the motion-energy extraction smoothes out the
spatial phase-dependent modulation in motion signals
over space, fine pattern information is no longer available (Figure 7D). This analysis suggests that the initial
direction-selective filters (or V1 simple cells) may be
used for the analysis of moving patterns, and if this is
the case, their outputs should feed to further pattern
analysis mechanisms through bifurcated pathways before undergoing further motion processing. According
to this hypothesis, the direction-selective neurons have
dual purposes, and the motion processing and the pattern processing are not segregated at its earliest stage.

Figure 7. Possible Roles of the Two Stages of Early Motion Processing in Spatiotemporal Pattern Interpolation
One is direction-selective linear filtering and the other is motion
energy computation, whose neural correlates may be directionselective simple cells and complex cells in V1, respectively. The
first stage response to a multislit stimulus (A) can be simulated by
convolving the space-time plot of the input image by spatiotemporally slanted filters (shown in insets of [B] and [C]). The two filters
differ in phase by 90⬚ (quadrature pair). As shown by (B) and (C),
the filtering is able to interpolate continuously moving edges. The
second-stage response (D) is the squared sum of (B) and (C), in
which the fine edge structure is blurred out. This suggests that the
visual system may use V1 simple cells, but not complex cells, for
spatiotemporal pattern interpolation.

The hypothesis is consistent with the observed effects
of noise masking, since the direction-selective filtering
mixes up signal with noise more when they move in the
same direction than otherwise. It is also compatible with
the effect of motion adaptation. The finding that the
masking and adaptation effect was not very strongly
selective to motion direction may suggest that the direction selectivity of the involved neurons is relatively weak
or that both the direction-selective and nondirectionselective neurons are involved.
It should be noted, however, that the 2D spatial-frequency map obtained in the last experiment (Figure 6D)
suggests that direction-selective filtering may not suffice as an explanation of motion-based pattern interpolation. Judging from the distribution of the green area
(indicating positive impact factors), a wide range of orientation components did contribute to letter identification of the slit condition. This is not surprising since
the target stimuli (letters) are 2D patterns. If various
orientation components had not been visible, letter identification would have been difficult. The spatiotemporal
interpolation of 2D patterns is theoretically important,
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however, since the motion aperture problem makes it
difficult to match locally measured velocities across different orientations [46, 58]. For correct integration of
different orientation components, motion-based pattern
interpolation should be based on the true 2D velocity,
which is supposed to be recovered only in higher motion
processing stages (e.g., MT pattern cells) [52, 56, 57].
The involvement of higher motion stages is also indicated by the recovery of over-Nyquist horizontal-frequency components. Because of aliasing by the slit
sampling, it is not easy for the motion mechanisms to
recover the true direction and speed of these components. Indeed, it was observed that the perceived motion
direction always reversed when the moving pattern only
contained the over-Nyquist (and below sampling) frequencies. To perceive these components to move in
coherence with the other frequency components, the
visual system may have to use a certain elaborate mechanism to attain phase congruency across different spatial frequencies, such as an across-frequency cooperative network. Possible neural correlates of such a
mechanism have been reported only in the higher motion
area, MT [59, 60]. In addition, although it is debatable
whether multislit viewing and single-slit viewing are mediated by common neural mechanisms, it is worth mentioning that a computational model of single-slit viewing
proposed that global motion must be computed prior
to integration of pattern signals over time [61], and an
fMRI study found activities in area MT⫹ during the presentation of single-slit displays [62].
Finally, when animating objects are presented by slit
displays, the observers can perceive the pattern movement as well as the 3D structure defined by the object
motion [63]. This phenomenon appears to indicate still
more complicated pattern-motion interactions such that
the spatial pattern recovered by the help of motion mechanisms is fed again to the standard motion analysis.
Conclusion
The present results suggest that the pattern information of moving image is spatiotemporally interpolated
through early direction-selective filtering by V1 simple
cells, but the integration of the local information represented by each simple cell into a global figure should
be guided by the outputs of a higher-order motion mechanism, such as MT pattern cells. Spatiotemporal interpolation can be a powerful mechanism to improve the
visibility of patterns, which never stand still in the retinal
image due to movements of the visual scene and observer. The present results therefore suggest that the
whole motion system has a significant contribution to
dynamic pattern perception. Future studies should reconsider the functional roles of neural mechanisms that
have been believed to contribute only to visual motion
processing, especially V1 simple cells, MT pattern cells,
and the feedback from MT to V1 [64].
Experimental Procedures
Observers
The author (S.N.) and three naive volunteers participated. They had
normal or corrected-to-normal vision. Informed written consent was
obtained before experiments.

Apparatus
The stimulus pattern was generated through a graphics card
(VSG2/5, Cambridge Research Ltd) controlled by a host computer
(Dell, OptiPlex GX200). It was presented on a CRT monitor (Clinton
monoray monitor) with a fast greenish phosphor (DP104), a refresh
rate of 200 Hz, and a spatial resolution of 512 ⫻ 512 pixels. Each
pixel subtended 2⬘ at the viewing distance of 80.6 cm. The observer
viewed the monitor while sitting in a dark room with his/her head
fixed on a chin rest.
Standard Stimulus
The stimulus display (Figure 1) consisted of two arrays of vertical
slits, presented on a uniform field (17.1⬚ ⫻ 17.1⬚, 58 cd/m2). The size
of a slit array was 128 pixels (4.3⬚) in height and 512 pixels (17.1⬚)
in width. The width of each slit was 1 pixel. The interslit interval was
even across the stimulus. The gap between the upper and lower
slit arrays was 20 pixels (40⬘) in height. A fixation bullseye was
presented at the center of the gap.
Two sets of letters, moving in opposite directions, were shown
through the upper and lower slit arrays, respectively. In each slit
array, 16 uppercase letters of a given alphabet character were presented in Arial font (29–44 pixels in width, 46 pixels in height) as a
bright image (116 cd/m2) on a dark background (⬍0.1 cd/m2). The
letters were shown at irregular positions (without overlap) and orientations (varied within ⫾30⬚ from the vertical). This was to present
differently sampled letters at a time. The alphabet character was
chosen from 20 letters (IJQMWZ were excluded). Different characters were shown through the two slit arrays.
Standard Procedures
A trial started with a blank slit pattern. In response to observer’s
key press, letters were presented for 320 ms (64 refresh frames) at
a drifting speed of 6.7⬚/s (1 pixel/frame), unless otherwise stated.
Motion direction was randomly determined for each trial. During
letter presentation, the observer was required to keep fixation at
the center point. After a presentation of letters, the observer responded to the two presented alphabets one by one via keyboard.
The chance level to get the correct response for both letters by
random responses was only 0.25%.
To evaluate the performance of the two-letter identification task,
we measured the percent of correct trials in some experiments (e.g.,
Figure 2A). In a block consisting of 10 trials, 20 different alphabets
were shown in a random order. Stimulus conditions, including slit
interval and letter movement, were varied between blocks. Each
observer ran 4–8 blocks for each stimulus condition. The standard
errors in the figures are based on a variation across blocks.
In other experiments (e.g., Figure 2B), the slit interval that gave
50% correct performance was estimated by the double-random
staircase procedure in which two staircases starting with small and
large slit intervals were randomly interleaved. Within each staircase,
the slit interval was increased after a correct trial or decreased after
an incorrect trial. The step size was ⫻2 until the first reversal, ⫻20.5
until the second reversal, and ⫻20.25 until the staircase terminated
at the sixth reversal. The arithmetic mean of the last four reversals
was taken as an estimate of the threshold slit interval. Each observer
ran 4–8 staircases for each stimulus condition. The standard errors
in the figures are based on a variation across staircases.
Noise Masking
A binary noise field in which dark and bright pixels randomly appeared with equal probabilities filled interslit areas. The luminance
contrast of the noise was varied, while the mean luminance was kept
constant (58 cd/m2). When moved, the noise field was horizontally
shifted without considering occlusion by the slits. In the first experiment (Figure 4B), the noise speed was 6.7⬚/s (1 pixel/frame). In the
second experiment (Figure 4C), it varied from 1.7⬚/s (1 pixel/4 frames)
to 13.3⬚/s (2 pixels/frame). The slit interval used for the first experiment was determined in a preliminary experiment for each observer
as the interval that gave ⵑ50% correct performance by a 25%
contrast noise moving in the letter direction.
Motion Adaptation
The adaptation stimulus was a pair of random line patterns in which
each vertical line was randomly painted in black or white with a
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probability of 50%. It subtended the same areas as the slit patterns,
moving in the opposite directions between the upper and lower
areas. The luminance contrast was 100%, and the moving speed
was 6.7⬚/s. The observer adapted to this motion pattern for 60 s at
the start of experiment and readapted for 10 s during every intertrial
interval.

12.

13.

Spatial Frequency Map Estimation
In each trial, a new letter image was filtered by a new randomwindow mask pattern. To avoid luminance overflow by filtering, the
contrast of source letter image was reduced to 70%, and the DC
level of the filtered image was adjusted so that all the luminance
values were in the displayable range. The letter image was transformed to the spatial-frequency domain by FFT, filtered by a random-frequency mask, and then transformed back to the real-space
domain by inverse FFT. The mask consisted of a grid that divided
the spatial frequency space (one quadrant of the mask shown in
Figure 6A) into 32 ⫻ 32 subband windows. The state of each mask
window, open or close, was independently and randomly determined with a given window open rate. The random window pattern
was symmetric about the horizontal and vertical spatial-frequency
axes, which implies that no distinction was made between orientation components tilted clockwise and counterclockwise from the
vertical. A pair of filtered moving letter patterns was shown without
slits (no slit condition) or through slits (slit condition). In the latter
case, the slit interval was 16 pixels (32⬘). The window-open rate was
adjusted to make the single letter-identification performance ⵑ50%.
It was 20%–30% (on average 27.5%) for the no slit condition, and
50%–70% (67.3%) for the slit condition. Each of three observers
ran 2000 trials for each condition. The responses for the upper and
lower letters were independently counted in computation of the
correlogram for the purpose of increasing the number of observations.
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