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Focal Visual Attention Produces Illusory
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Spatial attention was studied using a new visual illusion of motion: a line, which was presented
physically at once, was perceived to be drawn from one side when attention had been captured to that
side of the line by a preceding visual cue stimulus. By comparing with a temporal order task, we showed
that the line-motion illusion was produced by acceleration of visual information processing at the locus
of attention. The results suggest that the facilitatory effect of attention is exerted at relatively early
stages of visual information processing where visual signals are to be fed into the motion detecting

mechanism.
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INTRODUCTION

Selection is fundamental to our voluntary action. We are
subject to continual sensory bombardment simul-
taneously from different sensory receptors, yet our
action is limited to the physical dimensions of our body
and often is aimed at one or few objects. Here arises the
need for selection. Eye movement exemplifies the many-
to-one relationship between sensory inputs and motor
outputs. Our visual field is full of shapes, colors, tex-
tures, motions, and etc., yet the central fovea is directed
to limited visual objects by saccade and smooth pursuit.
What makes a saccade directed to an object A, not B,
C or D? There must be a reason, if not purely stochastic,
for this selection. What, then, determines this selection,
and where in the neural pathways does it occur? We
know that the selection affects not only our action but
also our perception so that only selected objects reach to
the threshold of our consciousness. The perceptual selec-
tion, which we usually call attention, can thus be disso-
ciated from action. Qur environment may be selected,
without immediate action, for construction of internal
representations.

Because attention is a modulatory process, we can-
not see attention per se. Only comparison between two
perceptual states, with attention and without attention,
based on overt behavioral responses or a subjective
reports would reveal the presence of attention. The
approach has been successful in visual spatial attention,
especially when attention is temporarily induced pas-
sively by a preceding visual stimulus. Psychophysical
studies have shown that the efficiency of perception of an
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object is increased at the expense of others when the
subject pays attention to it. Several measures have been
used to characterize the effect of attention, including (1)
sensitivity, (2) resolution, and (3) latency of perception.
The sensitivity of perception is typically examined by
utilizing signal detection theory. When a visual cue is
presented beforehand to indicate the location of a target
stimulus, the sensitivity for perception (either detec-
tion or discrimination) of the target becomes higher than
otherwise equivalent stimulus which is not cued
(Bashinski & Bacharach, 1980; Egly & Homa, 1984;
Downing, 1988; Miiller & Rabbit, 1989). The changes in
perceptual resolution can be measured as changes in
positional accuracies, such as vernier acuity (Nakayama
& Mackeben, 1989). The changes in perceptual latency
have been examined in two ways, (a) by measuring
reaction time (Eriksen & Hoffman, 1972; Posner, 1980)
and (b) by asking perceptual temporal order (Sternberg
& Knoll, 1973). Based on the results obtained using these
methods, it seems reasonable to define attention as a
process by which limited sensory information is brought
into perception with relatively greater magnitude and
efficiency.

We now describe a novel technique that enables us
to detect and directly visualize—unlike the previous
methods—the spatial gradient of visual attention. It was
originated from our discovery of a visual illusion which,
to our knowledge, has never been reported (though see
Kanizsa, 1979). We noticed that, when we present a
line physically at once, its onset does not always
appear instant. It frequently appears to be drawn
in either one of the directions, thus we perceive a
motion in the line. The motion sensation is particularly
strong and consistent when a visual stimulus (e.g. light
spot) is presented at either one of the terminators of
the line before the onset of the line; the motion
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is from the side of the visual stimulus. We suggest that
the illusory motion sensation might reflect visual spatial
attention.

Underlying this idea were two lines of psychophysical
findings. First, focal visual attention creates an illusory
temporal asynchrony of visual information to reach
perception such that the attended visual stimulus is
perceived prior to non-attended stimuli (Sternberg &
Knoll, 1973). Second, central motion detecting mechan-
isms presumably creates motion sensation based on
asynchronous and spatially displaced visual inputs
(Braddick, 1980; Nakayama, 1985). Taken together
these two well-known facts, it is intriguing to ask
whether the attention modulates a stage early enough in
the visual pathway so that it can produce motion
sensation. We carried out the present study to demon-
strate that the motion sensation in the line is indeed
produced by the modulating effect of attention.

This article is organized such that the reader can
follow the logical procedure by which we have inte-
grated these two psychological phenomena, attention
and motion. First, we studied the effects of focal atten-
tion on the temporal order judgment of a pair of visual
stimuli. We drew attention of the human subject by
presenting or extinguishing a visual stimulus as a cue. In
agreement with previous studies (Sternberg & Knoll,
1973; Maylor, 1985; Stelmach & Herdman, 1991), we
showed that focal attention locally accelerates visual
information processing. Here, however, the judgment
was still nothing to do with early visual processes, such
as that of motion. In a second experiment, we modified
the first task by presenting an array of visual stimuli,
instead of two. The temporal order judgment could now
rely on a motion sensation, i.e. apparent motion, over
the array of visual stimuli. What was important in this
seemingly trivial modification was that by recruiting the
motion mechanisms we could greatly increase the sensi-
tivity of the temporal-order judgment. We thought that
the improvement in this direction might be achieved by
making the array infinitely finer. The array was thus
replaced with a simple line in the next experiment so that
a contiguous motion was perceived. We then found that
the cue effect was the same in a dichoptic situation,
suggesting that the attention shift occurs at or after
binocular convergence.

Finally, using this technique we demonstrated that
both onset and offset of visual stimuli induced attention
but the rising time course of attention differed in these
two situations. When the onset and the offset occurred
at the same time at different locations, however, a strong
interaction occurred such that the offset-induced atten-
tion was dominated and suppressed by the onset-induced
attention. This seemed to be related to the perceptual
impression of the onset/offset of the stimuli, i.e. apparent
motion.

GENERAL METHODS

The subject sat in front of a monochrome display of
a tachistoscope (IWATSU ISEL, IS701-B) in a dark
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room. This equipment was used mostly for its 1-msec
temporal resolution. For some experiments where no
such resolution was required, a personal computer (NEC
PC-9801RA) was used. The observation distance was
either 57 or 114 cm. The experiment was performed in a
dark room. The luminance of the visual stimuli was
52 cd/m?, unless otherwise specified. They were displayed
on a dark background. The subject’s head was not fixed
in most of the experiments. Eye fixation was monitored
in selected experiments using an infra-red eye movement
monitoring system (RMS HIROSAKI, R-21C-A). In
such cases the subject’s head was constrained using a
chin rest and a bite board. In all the experiments, the
subject was explicitly instructed not to pay attention
voluntarily to the stimulus.

EXPERIMENTS

Hllusory Temporal Order Reflects Attention

When we receive more than two sensory inputs at
once, we do not necessarily perceive that they are
simultaneous. An important factor influencing the tem-
poral order judgment is intensity: the weaker stimu-
lus tends to be perceived later than the stronger one
(Roufs, 1963). What then happens if two sensory
stimuli are physically identical with equal intensities?
We still sometimes perceive them as being asynchronous,
and the direction of asynchrony is often unpredictable.
The sources of the asynchrony must be psychological;
attention is a critical factor.

Experiment 1: Illusory Temporal Order Induced by Onset
of Visual Stimulus

First, we examined how much the temporal order of
visual perception is modified by stimulus-induced atten-
tion. As illustrated in Fig. 1, we presented two visual
stimuli (test stimuli) in different sequences with differ-
ent intervals, and asked the subject to judge which
stimulus came on earlier. Before the stimuli we pre-
sented a small spot of light (cue stimulus) to draw the
subject’s attention.

Methods

Subjects. Four subjects participated in this exper-
iment; two were the authors (SM, OH) and the other two
subjects (YY, HI) were experienced psychologists but
did not know the purpose of the experiment.

Apparatus. The tachistoscope (IWATSU ISEL,
IS701-B) was used. It can display up to 32 frames
of pictures (P31 phosphor) which are pre-arranged
sequentially, at random, or depending on the key
response of the subject. In the following experiments,
unless otherwise stated, the frame rate was set to be
500 Hz.

Stimuli. The fixation point and the stimuli (52 cd/m?)
were presented on a dark background (<0.2 cd/m?). The
fixation point was a small dot (0.05 x 0.05 deg). We used
two types of visual stimuli: cue stimulus and a pair of
target stimuli. The cue stimulus was a small spot
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FIGURE 1. Stimulus onset induces acceleration of local visual information processing. Top: temporal order task to measure
local facilitatory effects induced by stimulus onset. While the subject was fixating a central spot (F), another spot of light (cue,
C) came on at either one of two possible sites (right and left). After a time delay (cue lead time) a vertical short bar (T1) appeared
in either one of the two cue locations (cued side or uncued side), followed by the appearance of another bar at the other cue
location (T2) with a randomized asynchrony (0-200msec). The subjects task was to judge which bar came on first
(two-alternative forced-choice paradigm). The cue lead time was fixed in a given block of experiment; at 50, 150, 400, or
1600 msec. Bottom: the percentage of trials in which the cued bar was judged to appear prior to the uncued bar was plotted
against the physical asynchrony between the two bars; the asynchrony was (4 ) when the uncued bar preceded (physically)
the cued bar, while ( — ) when the cued bar preceded. Data for 150 msec cue lead time were plotted here. Data from four subjects
are shown with different symbols. Twenty trials were obtained for each asynchrony in each subject. Data with no cue are also
plotted for comparison (dashed line; averaged across the four subjects); for this set of data, the averaged psychometric function
was obtained only for the positive asynchronies (because in this case there was no such distinction between cued and uncued
sides). The function was then flipped and symmetrically replotted with respect to the original point of the graph just for easier
comparison.

(0.05 x 0.05 deg); the target stimulus was a rectangle
oriented vertically (0.05 x 1.0 deg). The cue stimulus was
located such that it was completely occluded by the
target stimulus, when presented on the same side. The
pair of the target stimuli were presented in a horizon-
tally symmetric manner (separated by 10.7 deg) and
slightly above (0.75 deg) the level of the fixation point
(see Fig. 1). The observation distance was 117 cm. Eye
movements were monitored in selected sessions of
experiment using the infra-red eye movement monitor-
ing system (RMS HIROSAKI, R-21C-A). In such
cases the subject’s head was constrained using a chin rest
and a bite board.

Procedure. The subject initiated each trial by pressing
a key which was followed by the appearance of the
fixation point. The subject had to keep fixating at the
fixation point throughout the trial. The cue stimulus
then appeared randomly either on the right or left side.
After a time delay (cue lead time) one of the target
stimuli came on randomly on the side same as or
opposite to the cue. This is followed with a time delay
(asynchrony) by the onset of the other target stimulus.
The asynchrony was defined as the time interval from the
onset of the target on the uncued side to the onset of the
target on the cued side; it can be + or — depending on
the side of the first target with respect to the cue. The
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subject’s task was to report which of the target stimuli
came on first by pressing one of the two keys. It was a
two-alternative forced-choice (2AFC) task. In this and
the following experiments, the subject was required not
to pay attention voluntarily to a specific location or a
specific stimulus feature.

The experiment was composed of blocks which were
carried out over several days. Within each block the cue
lead time was fixed (50, 150, 400, or 1600 msec), while
the asynchrony was randomized in a range between
—200 and +200 msec (24 steps of asynchronies); in a
separate block of experiment, no cue was presented
(no-cue condition). Twelve trials were tested for each
asynchrony, so that each block consisted of a total of 288
trials. The sides were equated such that the cue appeared
on the right side in half of the 20 trials and on the left
side in the other half. The variable in question was the
temporal order of the target stimuli with respect to the
side of the cue; the temporal order with respect to the
absolute side (right or left) was not analyzed in this
study.

Analyses. We first calculated the percentage of trials in
which the target stimulus on the cued side was perceived
to be earlier at each asynchrony. This yielded a psycho-
metric function against the asynchrony for each cue lead
time. Using a probit analysis (Finney, 1971) we then
calculated the point of subjective equality (PSE).

Results

Figure 1 shows the psychometric functions obtained
from four subjects; the perceived temporal order
(expressed as probability) was plotted against the asyn-
chrony between the two test stimuli, The dotted curve
indicates the control data under no-cue condition which
were averaged across the subjects. As expected, the
percentage of perceived temporal order was 50% at the
zero asynchrony. When preceded by the cue stimulus by
150 msec, the psychometric function shifted to the right.
With no asynchrony, for instance, the test stimulus at the
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cued location (thereafter called “cued stimulus™) was
more often perceived to be prior to the test stimulus at
the uncued location (“uncued stimulus™). For the per-
ceived temporal order to be the chance level, the uncued
stimulus had to occur before the cued stimulus by
30-70 msec. These time values were calculated using the
probit analysis and will thereafter be called “point of
subjective equality” (PSE).

The result suggests that the information from the
cued stimulus reached perception earlier by 30-70 msec
than the information from the uncued stimulus. The
attentional effect then can operationally be defined as
this margin. What we observed in this experiment was
passive, stimulus-induced attention.

We noticed that the PSE value changes with the cue
lead time (Fig. 2). A peak of the PSE was obtained at
the cue lead time of 150 msec in all four subjects,
indicating that the effect of attention has a transient
component. The PSE remained positive at longer cue
lead times in three subjects, suggesting the presence of a
sustained component as well.

Discussion

The result shows that the onset of a visual stimulus
(cue) accelerates local visual information processing and
hence another visual stimulus presented subsequently at
the locus of the visual cue is perceived earlier. The
maximum perceptual asynchrony produced by the atten-
tional bias was 30-70 msec (with some individual differ-
ences) in our study. These values are similar to the ones
obtained in other studies using visual stimuli (Maylor,
1985; Stelmach & Herdman, 1991) and a study using
auditory/tactile stimuli (see Sternberg & Knoll, 1973).

We argue that the asynchrony effect reflects attention
which is produced by the onset of a visual stimulus. That
an abrupt visual onset draws attention is our daily
experience and has been supported by psychological
experiments (Eriksen & Hoffman, 1972; Posner, 1980;
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FIGURE 2. Local visual acceleration induced by stimulus onset depends on cue lead time. Points of subjective equality (PSE)

for cancellation of apparent temporal order were obtained using a probit analysis based on the data such as shown in Fig. 1,

and they are plotted against cue lead time. Positive values indicate that information from the cued bar (cue-on side) reached
perception earlier than that from the uncued bar. Data from four subjects are shown with different symbols.
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Yantis & Jonides, 1984; Remington, Johnston & Yantis,
1992). One might argue that this is unrelated to attention
because the subject was non-attentive, but the state of
mind after the cue stimulus was clearly attentive as
judged by the asynchrony of visual processing. In this
study we will thus use the term ““attention” strictly in this
functional sense.

However, before concluding that this is indeed the
effect of attention, we need to exclude the possibility that
the signals from the visual cue and the target stimulus
might simply summate at early stages of visual infor-
mation processing, thereby producing earlier perception.
In order to produce perceptual asynchrony of 20 msec,
for exampile, the intensities of two visual stimuli with the
same sizes must be different in the order of 10 (Roufs,
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1963). In contrast, the spot of light we used for the visual
cue was much smaller than the target stimuli (bars) and
thus its contribution to the perceived intensity would be
negligible.

Another possible argument against the attention
hypothesis would be that the onset of the visual cue
might be erroneously taken to be the onset of the tar-
get stimulus. This is also unlikely because at the shortest
cue lead time (50 msec) the visual cue was generally
unnoticed presumably due to backward masking, yet
the perceptual asynchrony was present. One might still
argue however that different mechanisms are at work
for identification of the visual cue and temporal order
judgment. These possible objections would not be
applicable to the following experiment.
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FIGURE 3. Stimulus offset induces acceleration of local visual information processing. Top: temporal order task to measure
local facilitatory effects induced by stimulus offset. The task trial started with two spots (cue stimuli, C1 and C2) on. While
the subject was fixating a central spot (F), one of the cue stimuli went off, After a time delay (cue lead time) a vertical short
bar appeared in either one of the two cue locations (T1), followed by the appearance of another bar at the other cue location
(T2) with a randomized asynchrony (0-200 msec). The subjects task was to judge which bar came on first. Bottom: points of
subjective equality for temporal order were obtained in the same way as in Figs 1 and 2. Positive values indicate that information
from the cued bar (cue-off side) reached perception earlier than the that from uncued bar. Data from four subjects are shown
with different symbols.
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Experiment 2: Illusory Temporal Order Induced by Offset
of Visual Stimulus

The results so far indicate that attention is drawn
automatically to the location where a visual object
appeared. Does any change in visual environment induce
attention? An extreme example will be disappearance of
an object. We thus designed the next experiment as
illustrated in Fig. 3. An experimental trial started with
two cue stimuli on so that no asymmetry of attention
was expected. In order to manipulate attention we
extinguished one of the cue stimuli before the test stimuli
appeared. The subjects task was again to judge the
temporal order of the two test stimuli.

Methods

The same four subjects participated in this exper-
iment. The apparatus and the stimuli were identical
with Expt 1.

Procedure. The procedure was the same as Expt 1
except for the presentation of cue stimuli. Each trial
started with the presentation of the fixation point and
two cue stimuli. One of the cue stimuli then went off
randomly either on the right or left side. This was
followed with a cue lead time (fixed throughout a block)
by the sequential presentation of the target stimuli in the
same way as in Expt 1. The subjects task was again to
report which of the target stimuli came on first 2AFC).
The configuration and. analyses of the experiment was
the same as Expt 1.

Results

Based on the psychometric function obtained for each
subject and for each cue lead time (similar to Fig. 1, but
not shown), we calculated the PSE value. Figure 3
summarizes the results. The PSE curve for every subject
had a single positive peak at the cue lead time of
150 msec. This indicates that attention was induced at
the location where the cue disappeared. The PSE values
at 50 msec were smaller than in case of the cue stimu-
lus onset (see Fig. 2), suggesting that the stimulus-
off-induced attention is slower to develop than the
stimulus-on-induced attention. A more critical differ-
ence, however, was found at longer cue lead times. The
PSE values at 1600 msec were invariably negative,
suggesting that the attentional benefit was now on the
side where a cue stimulus remained.

Discussion

The result indicates that a visual offset also leads to
perceptual asynchrony in such a way that focal attention
is induced at the locus of the visual offset. Unlike for the
effect induced by cue-on (Expt 1), the asynchrony here
cannot be attributed to the imbalance of stimulus inten-
sity because the time-averaged intensity of stimulus is
reduced on the cue-off side.

The reversal of the asynchrony effect at the long cue
lead time was consistent across subjects. This may imply
attention-related inhibition, i.e. “inhibition of return’
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(Posner, Rafal, Choate & Vaughan, 1985). However, the
effect was weaker than the initial transient one and did
not reach a significant level, and awaits for further
analysis using a more sensitive method (see Expt 4).

Tllusory Motion Reflects Attention

The temporal order task has revealed temporal asyn-
chrony of visual signals produced by attention. How-
ever, the temporal order judgment is difficult and suffers
from a considerable amount of uncertainty. This was
illustrated in the psychometric functions (see Fig. 1) by
their wide uncertain ranges (at least +50msec). The
uncertainty arises because the two sensory stimuli should
be perceived as independent events before they are to be
judged in terms of temporal order. When, instead, their
relation is directly perceived, the uncertainty could be
reduced to a considerable extent (Sternberg & Knoll,
1973). For example, the temporal order of two sound
clicks, delivered to different ears, can be discriminated
because a fused sound image whose location is closer to
the preceding sound is produced in the head (Green
& Henning, 1969). As for visual perception, sequential
stimulation may produce the impression of movement
from the preceding stimulus to the following one
(Wertheimer, 1912).

We therefore attempted to have the motion detec-
tors detect the asynchrony of visual inputs which is
physically absent but is created by attention. Behind this
hypothesis is the assumption that the attentional modu-
lation of visual information processing occurs early
enough; i.e. before the signals reach the mechanisms for
motion detection. We recruited the motion detecting
mechanisms, first by presenting an array of visual stimuli
(Expt 3) and finally by presenting a single line (Expt 4).

Experiment 3: Apparent Motion in an Array of Visual
Stimuli Induced by Attention

If an array of vertical bars were presented in sequence,
a motion sensation is perceived in the array. Before the
sequential appearance of the array, we presented a small
spot of light (cue stimulus) on the right or left side to
induce attention. As expected from the temporal order
task, when the bars appeared at once, a motion was
perceived from the side where the cue stimulus was
presented. By physically presenting the array of bars
from the side opposite to the cue and and by increasing
the time interval between the bars, the motion sensation
decreased and finally was reversed. Thus, the illusory
asynchrony or motion could be cancelled out by physical
asynchrony or motion. Such a reversal point (PSE) was
taken as an objective estimate of the attentional effect
produced by the cue stimulus. The sequence of stimuli is
illustrated in Fig. 4.

Methods

Subjects. Five subjects participated in this experiment;
three were the authors (SM, SS, OH) and the other two
subjects (IM, HI) were experienced psychologists but did
not know the purpose of the experiment.
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FIGURE 4. Motion sensation is induced in an array of visual stimuli by stimulus onset. Zop: just as the original stimulus-on
case (Fig. 1), a small spot of light (cue, C) appeared on the right or left side. After a cue lead time, a vertical bar appeared
on the side opposite to the cue, followed by the appearance of three other bars sequentially toward the cue (the last bar was
superimposed on the cue). The asynchrony between the onsets of the bars was fixed for each trial but randomized between
trials (2, 6, 10, .. ., 34, 38 msec). Unlike the temporal order task comparing two bars, an apparent motion was perceived by
the sequential appearance of the bars. The subject was asked to report the direction of the motion. The cue lead time was
randomized in each block of experiment. Bottom: points of subjective equality for cancellation of motion were obtained using
a probit analysis and they were plotted against the cue lead time. The ordinate indicates the asynchrony between the bars which
could cancel the illusory motion sensation. Data from five subjects are shown with different symbols.

Apparatus and stimuli. The stimuli were generated and
presented with the tachistoscope in a dark room. The
stimuli were similar to those used in Expts 1 and 2,
except that four target stimuli, instead of two, were
presented in a sequential manner (Fig. 4). The location
of the cue stimulus corresponded to either the rightmost
target or the leftmost target, which were separated by
4.0 deg; thus the separation between each target was
1.33 deg.

Procedure. The initial part of the stimulus sequence
was the same as Expt 1. The onset of the cue stimulus
was followed with a cue lead time (fixed throughout a
block) by the onset of the target at the side opposite to

the cue. The other three targets were presented sequen-
tially toward the cue stimulus until the last target
masked the cue stimulus. The subject’s task was to report
in which direction motion was perceived over the array
(ZAFC task).

The experiment was composed of five blocks which
were carried out over several days. Within each block the
cue lead time was randomized (50, 100, 200, 400, 600,
1000, or 2000 msec). The time interval between the target
onsets was fixed for each trial but randomized within a
block of experiment (2, 6, 10,..., 34, 38 msec). Thus,
the time interval between the presentation of the cue
stimulus and the presentation of the last target equaled
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to the cue lead time plus three times the inter-target
interval. Ten trials were tested for each inter-target
interval, so that the whole experiment contained a total
of 700 trials. The sides were equated such that the cue
appeared on the right side in half of the 10 trials and on
the left side in the other half. The variable in question
was the direction of the apparent motion over the array
with respect to the side of the cue.

Analyses. We first calculated for each inter-target
interval the percentage of trials in which the apparent
motion was perceived from the side of the cue stimulus.
This yielded a psychometric function against the inter-
target interval for each cue lead time. Using a probit
analysis we then calculated the PSE.

Results

In Fig. 4, the PSE values were plotted for each sub-
ject against the cue lead time. Initial high values were
followed by sustained components. The attentional
effect was strongest at the shortest cue lead time
(50 msec) (except IM), decreased in 400 msec, and
remained stable thereafter. This result again indicates
the presence of an initial transient component and a
sustained component.

Discussion

An important finding in this experiment was that the
presence of a sustained component, which was not
obvious by the temporal order task (Fig. 2). This result
agrees with the previous studies (Miiller & Rabbit, 1989;
Nakayama & Mackeben, 1989) which demonstrated a
sustained component of attention. Note, however, there
is a tendency for every subject that the effect decreased
at medium cue lead times (400600 msec) before reach-
ing the sustained level.

One might wonder why the highest peaks were at
shorter cue lead times compared with the data obtained
in the temporal order task (see Fig. 2). This is probably
dependent on how we defined the cue lead time. We
defined it as the duration from the onset of the cue
stimulus to the onset of the first bar. Thus, if the array
of the bars was presented with the interval of 40 msec,
for example, the last bar appeared 120 msec after the first
one, so that the actual cue lead time for the last target
is larger than what is listed along the axis of abscissa
in Fig. 4 by a margin of 120 msec. This is a probable
reason why the cue lead times in Fig. 4 tended to be
underestimated compared with the temporal order task
(Fig. 2).

Phenomenologically, the array of visual stimuli pro-
duced an apparent motion. Apparent motion can be
divided into the short-range process and the long-range
process (Anstis, 1980). The separation of multiple visual
stimuli used in Expt 3 (1.33 deg) is within, but close to
the upper limit of, the range of short-range motion
determined psychophysically (Baker & Braddick, 1985).
The stimulus configuration used in our temporal order
task (Expts 1 and 2) could have produced a long-range
apparent motion, but the subjects rarely reported the
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impression of motion perhaps because the temporal
separations, either physical or psychological, were
usually much smaller than the optimal range (Korte,
1915).

An additional advantage of using an array of stimuli
over a pair of stimuli may come from the non-linear
facilitatory nature of the motion detecting mechan-
ism, ‘““sequential recruitment” (Nakayama & Silverman,
1984), in which effects of motion detectors in a particular
direction are carried over multiple frames so that motion
sensitivity increases relative to the two-frame case.

Experiment 4: Illusory Motion in a Line Induced by
Attention; Effects of Stimulus Onset

The motion detectors respond to sequential presen-
tation of an array of visual stimuli. Its sensitivity,
however, increases if the spatial separation of the stimuli
becomes smaller (Graham, 1965; Biederman-Thorson,
Thorson & Lange, 1971; Nakayama & Tyler, 1981).
For example, Biederman-Thorson et al. (1971) showed
that, when two stimuli are presented in the peripheral
visual field, a motion sensation is produced even with
the interval of a few milliseconds, with which the stim-
uli may be indiscriminable if presented simultaneously;
“it is only by the impression of movement that the
sequence of presentation of the two dots can be success-
fully determined”. This can be regarded as “motion
hyperacuity” (Nakayama, 1985).

We therefore expected that our technique can further
be improved by making the separation of stimuli even
smaller. An extreme in this direction is just to present a
simple line. A basic paradigm is shown in Fig. 5. A single
line was presented physically at once after the cue
stimulus. A strong motion sensation was perceived in the
line from the side of the cue stimulus.

Methods

Subjects. Five subjects participated in this experiment;
three were the authors (SM, SS, OH) and the other two
subjects (YY, HI) were experienced psychologists but
did not know the purpose of the experiment.

Apparatus and stimuli. The stimuli were generated and
presented with the tachistoscope in a dark room. The
fixation point, the cue stimulus, and the probe line
(52cd/m?) were presented on a dark background
(<0.2 cd/m?). The fixation point (0.05 x 0.05 deg) and
the cue stimulus (0.05 x 0.05 deg) were both a small spot
of light. The cue stimulus was presented for each trial at
one of the two possible locations (separated horizontally
by 8.9 deg) which were 3.4 deg above the fixation point.
The probe line (8.9 deg in width, 0.05 deg in length) was
presented thereafter between the two cue locations so
that its terminators occluded the preceding cue stimulus
completely. The observation distance was 114 cm.

Procedure. The subject initiated each trial by pressing
a key which was followed by the appearance of the
fixation point. The fixation point remained on through-
out the trial which the subject had to keep fixating. The
cue stimulus then appeared randomly either on the right
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FIGURE 5. Stimulus onset induces illusory motion sensation in a line. Top: while the subject was fixating a central spot (F),
another spot of light (C) came on at either one of two possible sites (right and left) in the upper visual field. After a randomized
time interval (cue lead time) a line was presented at once between the two cue locations. The subject had to judge in which
direction the line appeared to be drawn (two-alternative forced-choice paradigm). Bottom: the percentage of trials in which
the line appeared to be drawn from the cued side (ordinate) was plotted against the cue lead time (abscissa). The graph is
interrupted at 500 msec to see both the transient and sustained components (same in the following figures). Data from five
subjects are shown with different symbols. Twenty trials were obtained for each cue lead time in each subject. The chance level
was 50%.

or left side. After a time delay (cue lead time) the probe
line came on, occluding the cue stimulus. The line was
presented physically at once. The subjects task was to
report in which direction the line appeared to be drawn
by pressing one of the two keys (2AFC task). In a
variation in this experiment, a flash stimulus of 2 msec
duration, instead of the sustained spot, was used, as the
cue.

The experiment was carried out as a single block with
the cue lead time randomized across trials (14 steps;
ranged from 1 to 4800 msec). Twenty trials were tested
for each cue lead time, so that each block contained a
total of 280 trials. The side of the cue stimulus was
randomized; overall, the cue appeared on the right side
in half of the 20 trials and on the left side in the other
half, for a particular value of cue lead time.

Analyses. We calculated for each cue lead time the
percentage of trials in which the motion was perceived

from the side of the cue stimulus, and plotted it against
the cue lead time.

Results

Figure 5 shows the results obtained from five sub-
jects. The motion sensation in the line started to build
up at a cue lead time of 20 msec and reached a plateau
at around 100 msec. The line was seen as if it had been
triggered out of the cue stimulus. When the cue lead time
was short (<50 msec), the presence of the cue stimulus
was often not recognized, yet the motion in the line can
be clearly seen. For most subjects, the motion sensation
remained complete up to the longest cue lead time
(4.8 sec). Subjectively, however, the sensation was
strongest at the cue lead times between 100 and
200 msec, as suggested typically by the data of SS.

When a flash stimulus (duration: 2 msec), instead of
the sustained spot, was used as the cue stimulus, a
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FIGURE 6. Transient effects of illusory moticn induced by stimulus flash. The same experiment as in Fig. 5, except that the
cue spot of light was flashed briefly (2 msec); the probe line came on when the cue stimulus was no longer present. Data from
five subjects are shown with different symbols.

transient effect became apparent (Fig. 6). The effects
were more variable with short cue lead times, peaked
after 100 msec, and returned close to the chance level
after 1 sec.

Discussion

A comparison between this line motion task (Fig. 5)
and the temporal order task (Fig. 2) shows common
features, even though the target parameters are different.
The maximum effects occurred around the cue lead time
of 100 msec in both experiments. Furthermore, there
seems to be a correlation among individual subjects: at
short cue lead times in both of the experiments the effects
appear stronger with earlier onsets in YY and OH
compared with HI and SM. A similar tendency was
present when a short flash was used of the visual cue.
The difference does not seem dependent on experience,
because OH and SM are the authors and far more
experienced than the other subjects who were unfamiliar
with this task.

A significant difference, however, was observed
between the temporal order task and the line motion
task at longer cue lead times. In the line motion task with
a sustained cue (Fig. 5) the motion remained nearly
perfect (in terms of probability), whereas the temporal
asynchrony became unclear in the temporal order task
(Fig. 2). The latter effect is rather similar to the transi-

ent effect obtained using a short flash as the visual cue
(Fig. 6). These resuits, together with the subjective
reports that the impression of motion was strongest at
around 100 msec, suggest presence of the transient com-
ponent of attention which is separable from the sus-
tained component, as suggested in the previous studies
(Nakayama & Mackeben, 1989).

A further support for this notion comes from our
recent report which compared the stimulus-induced and
voluntary attention (Hikosaka, Miyauchi & Shimojo,
1993). If the subject is instructed to pay attention
voluntarily to the uncued side (unlike the experiments
in this study), the sustained effect can be reversed.
The initial phasic component ( < 300 msec), however,
remains unchanged, overcoming the voluntary efforts.
The line motion task seems sensitive enough to detect
and isolate the sustained component of attention which
is weaker and subject to volitional control.

Experiment 5: Illusory Motion in a Line Induced by
Attention; Effects of Stimulus Offset

Experiment 2, using the temporal order task, has
suggested that visual offset, in addition to visual onset,
is effective in inducing local facilitatory effects (passive
attention) and that the effect is transient and overcome
by the sustained effect induced by the remaining stimu-
lus. A new approach to this question, using the line
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motion method, is expected to yield a more reliable set
of data, in view of the successful results obtained for the
visual onset-induced attention (Expt 4). Moreover, the
effect of cue offset on line motion would be a further test
for our hypothesis that both the illusory temporal order
and the line motion phenomena are based on the same
mechanisms of spatial attention.

Methods

Subjects, apparatus, and stimuli were the same as
those used in Expt 4.

Procedure. The procedure was the same as Expt 4,
except for presentation of the cue stimuli (Fig. 7). Each
trial started with the presentation of the fixation point
and two cue stimuli. One of the two cue stimuli then
went off randomly either on the right or left side. This
was followed with a cue lead time (1-4800 msec, ran-
domized) by presentation (physically simultaneous) of
the probe line. The subjects task was to report in which
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direction the line appeared to be drawn by pressing one
of the two response keys (2AFC task). The configuration
and analyses of the experiment were the same as Expt 4.

Results

The results from the five subjects were similar to each
other (Fig. 7). The effect of the offset of the cue stimulus
was not clear until the cue lead time became about
100 msec. At cue lead times between 100 and 300 msec,
the motion sensation was perceived more often from the
cue-off side. The direction of perceived motion was then
reversed, now from the side where a cue stimulus
remained. Its direction was unchanged at longer cue lead
times.

Discussion

The data suggest that visual offset induces attention
transiently but soon gives way and is overtaken by
another focus of attention produced by a remaining
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FIGURE 7. Stimulus offset induces illusory motion sensation in a line. Top: the trial started with two spots (cue stimuli;

Cl and C2) on, as in Fig. 3. While the subject was fixating, one of the cue stimuli went off, After a randomized time interval

(cue lead time) a probe line was presented at once between the cue locations. The subject had to judge in which direction the

line appeared to be drawn. Botfom: the percentage of trials in which the line appeared to be drawn from the cue-off side

(ordinate) was plotted against the cue lead time (abscissa). Data from five subjects are shown with different symbols. Twenty

trials were obtained for each cue lead time in each subject. With shorter cue lead times the line tended to appear to be drawn
from the side where the cue went off, but reversed its direction at around 400 msec.
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stimulus. This result, based on the line motion method,
is qualitatively similar to the one obtained in Expt 2
(Fig. 3) which was based on the temporal order task.
Among individual subjects is seen some correlation. For
example, the effect of the cue offset was strongest in OH
in both of the tasks. Similar correlations were already
noted for the visual onset-induced attention; between
Expt 1 and Expt 4. These comparisons, taken together,
further suggest that what is revealed in the line motion
task is the temporal asynchrony of visual information
processing, namely the effect of attention.

The transient nature of cue off-effect is further empha-
sized if we compare the result of this experiment and that
of Expt 4 (cue on). In both of the experiments one cue
stimulus remained after the visual transient, yet the
initial effects were completely opposite and depended on
which side the transient change occurred. The effects
were then replaced by the effects of the remaining cue
stimulus. These profiles are all understandable when we
consider both transient and sustained components of
attention. In the cue-on case, the initial transient acti-
vation by the onset of cue is followed by the sustained
activation on the same side. In the cue-off case, the initial
transient activation by the offset of cue is followed by the
sustained activation on the other side.

Attention Includes Binocular Mechanisms

The results of Expts 4 and 5 suggest that the local
facilitatory effects induced by visual onsets or offsets
occur before the presumed motion detectors. How early
in the visual processing could the modulation be? One
possibility is that it occurs before the binocular inter-
action; in the lateral geniculate or even in the retina. If
so, the illusory motion sensation would be completely
abolished when the cue stimulus and the probe line are
presented to different eyes.

Experiment 6 was designed to address this issue. When
the cue and the line were presented dichoptically (the
cue to one eye and then the line to the other eye),
phenomenologically the same line motion was perceived.
Moreover, the spatio-temporal profiles of the motion
effect were quite similar between the dichoptic and the
monocular control.

Experiment 6: Dichoptic Presentation of the Cue and the
Line Probe

Methods

Subjects. Four subjects participated in this exper-
iment; two of the authors (SM, OH), one experienced
psychologist (IM), and one naive subject (MT).

Apparatus and stimuli. A microcomputer (NEC PC-
9801RA) was used for stimulus presentation and the
control of experiments. Its frame rate was 60 Hz. On a
dark background (<0.2 cd/m?) of the computer monitor
screen were presented a series of stereo half images, and
the subject was viewing these stereograms through a
mirror haploscope. First, a fusible open white rectangle
was presented to facilitate stable binocular fusion
(width, 7.5 deg; height, 11.5 deg; see Fig. 8). A fixation
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point (0.12 x 0.12 deg) was also presented binocularly at
the lower central part of each rectangle. Then a cue
stimulus (a white spot of light, 0.3 x 0.3 deg) and a probe
line (white, length 6.2 deg; width 0.3 deg) were presented
in this sequential order. The luminance of these stimuli
was 61cd/m2 There were two possible cue locations
(right and left) in the rectangular fusion frame. The
probe line was presented as connecting the two cue
locations. The cue stimulus as well as the probe line was
presented always monocularly (either to the same eye, or
to the opposite eyes), while the side was randomized
across trials. By dichoptic viewing the subject perceived
that there was a single rectangle within which a cue
stimulus appeared on the right or left side and finally the
probe line appeared whose terminator occluded the cue
stimulus. The angular distance between the cue locations
was 6.0 deg; the test stimuli (cue and line) were 4.5 deg
above the fixation point. The observation distance was
57 em.

Procedure. The task of the subject was the same as
in Expt 4: while the subject was fixating, a cue stimu-
lus appeared and then after a cue lead time the probe
line was presented physically at once; and the subject
reported in which direction the line appeared to be
drawn (2AFC task).

There were four combinations in terms of the sides of
the eyes stimulated; two monoptic conditions (both cue
and line, to the left or right eye, respectively) and two
dichoptic conditions (cue to the left eye/line to the right
eye, and cue to the right eye/line to the left eye). The
experiment was carried out as a single block with these
stimulus combinations ( x 4), the side of the cue stimulus
(x 2), and the cue lead time (11 steps; ranged from 0 to
3400 msec) randomized across trials with equal probabil-
ities. For each of the monoptic and dichoptic conditions,
the cue appeared on the right side in half of the 20 trials
and on the left side in the other half.

Analyses. We compared the data between the monop-
tic conditions and the dichoptic conditions, We calcu-
lated the percentage of trials in which the motion was
perceived from the side of the cue stimulus for each
group of data for each cue lead time, and plotted it
against the cue lead time.

Results

Figure 8 compares the time courses of the illusory
motion sensation under the two viewing conditions:
monoptic and dichoptic. The data clearly indicate that
the illusory motion was perceived under the dichoptic
viewing condition as well. Its time course was similar
to the one obtained by monoptic viewing (this exper-
iment) or binocular viewing (Expt 4). The subjects
reported that the monoptic and dichoptic views could
not be subjectively differentiated.

Discussion

The data suggest that the site of attentional modu-
lation is after interaction of binocular signals. Because
the binocular interaction first occurs in V1 (area 17)
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along the geniculo-cortical system (Hubel & Wiesel,
1962), the attentional effect would be produced after
VI, not in the retina or the lateral geniculate
nucleus. *

This idea is in agreement with most of the evoked
potential studies in humans. The evoked potential to a
sensory stimulus (visual, auditory, or tactile) is enhanced
when the subject attends to it (Hillyard, 1985). The
enhancement, however, occurs only for the later com-
ponents of the evoked potential which are considered to
reflect cortical, rather than peripheral, processing (but
see Eason, 1981).

The cortical hypothesis of attention is yet not the only
possibility, however, if we consider the extrageniculate
pathway. Binocular interaction occurs already within the
superior colliculus, the direct target of retinal ganglion
cells (Cynader & Berman, 1972), although it might be
produced by binocular cortical signals fed back to the
colliculus.

Object-Bound Attention

In the examples we have examined so far, attention
was produced by a single event of either stimulus onset
or offset at a particular retinotopic location. We now
extend our analysis to a more complicated and global
spatio-temporal situation. Suppose an object jumps
from one place to another; there are two distinct visual
events, onset and offset, at different retinal locations.
The experiments described above might suggest that
there appear two foci of attention at the two locations.
Are these happening totally independently, or interact-
ing such that the focus of attention follows the jumping
object?

Experiment 7: Offset-Induced Attention may be Sup-
pressed by Onset-Induced Attention Elsewhere: when the
Cue Undergoes Apparent Motion

In this experiment we compared the visual off-induced
attention in two situations: (1) when the visual stimulus
simply disappeared (stimulus-off condition), and (2)
when the visual stimulus appear to jump to another
location (stimulus-step condition). The initial local
events were identical (i.e. offset of a visual stimulus), but
perceptual outcomes were completely different. Our
question was whether the perceptual difference is corre-
lated with the difference in spatial attention, which in
turn should supposedly be reflected in line motion.

Methods

Subjects. Three subjects (the authors) participated in
this experiment.

Apparatus and stimuli. A microcomputer (NEC
PC-9801RA) was used for stimulus presentation and the
control of experiments. The fixation point, the stimuli,

*There is certainly a remote possibility that the actual locus of line
motion itself is more periphery and the dichoptically presented cue
affects through cortico-geniculate feedback pathways (Long, 1979).
But even in this case, the neurological level of binocular conver-
gence is critically involved for the occurrence of line motion effects.
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and the probe line (61 cd/m?) were presented on a dark
background (<0.2cd/m?). The fixation point and the
stimuli were small spots of light (0.15 x 0.15 deg). The
stimuli were located at four corners of an invisible
rectangle surrounding the fixation point (Fig. 9, top);
the angular distance was 1.1 deg between the adjacent
stimuli and was 1.5 deg between the fixation point and
the stimuli. The probe line connected either the upper
or lower pair of the stimuli (width: 0.04 deg). The
observation distance was 57 cm.

Procedure. The subject initiated each trial by pressing
a key which was followed by the appearance of the
fixation point and three of the four stimuli; one of
the stimulus positions was vacant. The subject had to
keep fixating at the fixation point throughout the
trial. After 1sec, one of the following two events
occurred in a random manner. In the first case, the
stimulus that was on the same side as the vacant stimu-
lus position disappeared, leaving two stimuli on the
other side (stimulus offser). In the second case, the
stimulus similarly disappeared but at the same time
another stimulus appeared at the previously vacant
position (stimulus step); this yielded a compelling per-
ception of apparent motion that a single stimulus
stepped from one place to another. The sequence of
stimuli was arranged so that the apparent step motion
was always vertical (either upward or downward). In
both of the stimulus off case and the stimulus step
case, after a time delay (cue lead time), the probe line
was presented between the horizontal pair of stimuli
which included the one that disappeared (see the upper
half of Fig. 9). The subjects task was to report in which
direction the probe line appeared to be drawn (2AFC
task). As in the preceding experiments, the subject was
required not to pay attention voluntarily to specific
locations or specific stimulus features.

The experiment was carried out as a single block in
which three parameters were randomized: the mode of
stimulus (off or step), location of the initial vacant
position, and cue lead time (2 x 4 x 12). Five trials were
tested for each condition, so that the block contained a
total of 480 trials.

Analyses. We calculated for each condition (off and
step) at each cue lead time the percentage of trials in
which the motion was perceived from the side where the
stimulus disappeared, and plotted it against the cue lead
time. Four conditions of initial vacant position were
pooled for the data analyses.

Results

For each subject the results are compared between the
stimulus-off condition and the stimulus-step condition
(Fig. 9, bottom). They were clearly different and the
difference was consistent across the subjects.

The results for the stimulus-off condition were in
general agreement with the results of Expt 5 (effects of
stimulus offset). The result of this experiment again
suggests that attention was at first drawn to the location
where the stimulus disappeared (close to 100%), but
was then reversed to the other side where another
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FIGURE 10. Hypothetical neural mechanism underlying the stimulus-induced illusory motion. Since attention facilitates local
visual information processing before the signals reach the motion detectors, it creates virtual time delays across neighboring
locations which mimic real motion in effect on the detectors.

stimulus remained (close to 0%). In two of the subjects
(SM and OH) the transition occurred gradually crossing
the chance level at around 250 msec; the other subject
(SS) showed an earlier and faster transition.*

In the stimulus-step condition, it was less likely that
the motion in the line was perceived from the stimulus-
off side, suggesting that attention could not be held at
the stimulus-off location. This was true for every subject
at all cue lead times. There may be some tendency at
short cue lead times (0-100 msec) that attention was
shifted to the stimulus-off side, but this was quickly
replaced by the attention shifted to the opposite side.

Discussion

The only physical difference between the stimulus-off
condition and the stimulus-step condition was whether
or not a spot appeared at another location after the
disappearance. Perceptually, of course, these two stimu-
lus configurations produce different impressions: off and
apparent step motion. One might argue that the effect on
attention is based on the difference in this perceptual
judgment. However, the difference started to occur at the
short cue lead times (0-50 msec). It would be difficult to
imagine how the perceptual judgment could modulate
the focus of attention at such early stages of visual
processing. Further, the subjects were encouraged not to
pay attention to the difference in the stimulus configur-
ations; and even if forced to pay attention, the differ-
ence tended to remain unnoticed in the course of the
repetition of the task trials.

These results, on the other hand, raise many ques-
tions. Does the stimulus-onset-induced attention always
dominate the stimulus-offset-induced attention, so that
the former always vetoes the latter? What is the

*A difference between the present results in the stimulus off condition
and Expt 5 was that the shift of attention to the stimulus-off side
was already present at zero cue lead time. This may be due to the
fact that in the present experiment the side of stimulus on and off
was pre-determined and obvious even in frame No. 1 of the
stimulus sequence, unlike in Expt 5, thus the subjects expectation
could have easily been developed (see Fig. 9).

time—course of the interaction? What happens if these
two types of attention are produced asynchronously?
These questions may be answered psychophysically by
changing the stimulus parameters. A final important
question is: what is the underlying neural mechanism?
This question may not be answered easily, however,
because what we are seeking is not the interaction
between sensory processes but the interaction between
attentional processes, each of which is not visible
independently of sensory processes.

GENERAL DISCUSSION

Attention-induced local facilitation is detected as a motion

Attention may be defined as the state of mind in which
a limited portion of sensory processing is temporarily
facilitated while the other portion may be suppressed.
The local facilitatory effect which we observed using the
temporal order method or the line motion method would
then reflect attention which is produced by the onset or
offset of a visual stimulus. Although the subject was
non-attentive at the start of each task trial, his mind was
brought into the attentive state passively by the cue
stimulus. To examine such a bottom-up effect on atten-
tion, it was crucial to ask the subject not to pay attention
voluntarily to the stimuli. Otherwise, the other aspect of
attention—top-down, voluntary aspect—would have
confounded our results [in a separate study (Hikosaka
et al., 1993) we studied the top-down aspect and its
relation to the bottom-up aspect].

A main message of the present study is that the
gradient of visual spatial attention can be revealed by
an illusory *“drawing” or a motion of a probe line.
The direction of the illusory motion is from the focus
of attention outward, just as water runs downstream.
Attention is a dynamic process which grows and fades
away, but the probe line visualizes the instantaneous
gradient of attention as an illusory motion.

The basic principle of, and the hypothetical mechan-
ism underlying this line motion method is schema-
tized in Fig. 10. We perceive visual motion when the
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motion detecting mechanism in the brain is activated
(Nakayama, 1985; Newsome, Britten, Movshon &
Shadlen, 1989). The motion detector, wherever it is
located in the central nervous system, is activated when
visual inputs are fed into it sequentially in one direction.
This usually occurs when a visual object actually moves
in space so that the retina receives. sequential visual
inputs. In this case, the motion detector detects the real
motion faithfully. However, the motion detector may be
deceived by non-physical factors which influence the
speed of signal transmission before the visual signals
reach the motion detector. [A good analogy to this
would be the Pulfrich depth effect (Rogers & Anstis,
1972) where an illusory binocular disparity caused by an
intensity difference between the eyes produces depth
effect at some central level of visual processing.] As
we have already discussed, attention is characterized by
the process by which the speed, as well as the amount,
of signal transmission is selectively facilitated while
others may be inhibited (Kahneman & Treisman, 1984;
Johnston & Dark, 1982). Further, the effect of attention
is considered to be a gradient, decreasing from its center
to periphery (Sagi & Julesz, 1986; Downing, 1988;
Mangun & Hillyard, 1988; Krose & Julesz, 1989;
LaBerge & Brown, 1989). When a visual stimulus (a line)
appears at once within the field of attention, the visual
input that is closest to the center of attention would
reach the motion detector first, followed by the input
from the adjacent portion and then the next adjacent
portion, and so on. Thus, the motion detector would be
completely deceived and send out a neural message that
motion has occurred.

The illusory motion appeared smoothly spanning the
whole length of the probe line. This observation further
suggests that the magnitude of attention is characterized
by a gradient (see above), rather than a spotlight. We
recently confirmed this hypothesis with the same line
motion technique, but using a short line as a probe
(Miyauchi, Hikosaka & Shimojo, 1992).

The motion detector is used here as a tool for
detecting the asynchrony of visual inputs. In the tem-
poral order task detecting mechanisms should initially
function at two different retinal locations, and then a
higher mechanism should determine the temporal order
between them, thus allowing several opportunities for
noises to contaminate. In contrast, in the line motion
task the local temporal order itself is directly detected by
the motion detector so that it could be less noisy in the
line motion task. Indeed, the motion detector is known
to be extremely sensitive to a minimal spatial offset
occurring in a minimal time period (Biederman-Thorson
et al., 1971). An additional advantage of recruiting the
motion mechanism comes from its non-linear facilita-
tory nature in that it is more responsive to mulitiple,
sequential stimuli (Nakayama & Silverman, 1984).

Attention has influence on relatively early stages in visual
information processing

The discussion above leads to an intriguing impli-
cation as to the mechanism of visual attention. As is
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obvious from the scheme in Fig. 10, the facilitatory effect
of attention must, at least partly, occur before the
motion detector. A well known motion-selective area in
the brain is the area MT (V3) (Van Essen, Maunsell &
Bixby, 1981; Zeki, 1974). Responses of neurons in the
area MT of the monkey are well correlated with percep-
tion of motion (Newsome, Mikami & Wurtz, 1986).
Electrical stimulation of the MT affect motion percep-
tion as expected from the responsiveness of neurons in
the vicinity (Newsome et al, 1989). It is suggested
therefore that the site of the attentional effect is possibly
before MT.

This idea is supported by the differences in receptive
field sizes between visual cortical areas. As illustrated in
Fig. 10, the attentional effects would be heterogeneous
such that neurons carrying the visual signal close to the
cue stimulus transmit the signal faster than neurons
carrying more distant signals. For this to occur, the
receptive fields of such attention-modulated neurons
must be significantly smaller than the area occupied by
the probe line. The probe line in our experiments was
presented at 3—6 deg from the fixation point. The sizes of
receptive fields at such eccentricities are 3—6 deg in MT;
those in V1 (primary visual cortex) are 1deg or less
(Mikami, Newsome & Wurtz, 1986). MT neurons thus
seem unable to tell such a fine gradient of signal
processing. Thus, the effect of attention would at least
involve neurons located somewhere upstream to MT.
Although there exist motion-sensitive neurons in the
hierarchically higher cortical areas such as MST and
STS (Ungerleider & Desimone, 1986; Bruce, Desimone
& Gross, 1981; Tanaka & Saito, 1989; Saito, Yukie,
Tanaka, Hikosaka, Fukada & Iwai, 1986; Sakata,
Shibutani, Ito & Tsurugai, 1986), their receptive fields
generally are larger than in MT.

The possible neural locus of the attentional modu-
lation was further narrowed down by our dichoptic
viewing experiment (Expt 6) which showed that the cue
to one eye induced illusory line motion in the other eye.
This would be expected if the attention-modulated neur-
ons receive signals form both eyes. All visual cortical
areas including V1 contain binocular neurons, whereas
few such cells are found in the lateral geniculate nucleus
(Hubel & Wiesel, 1961). A simple hypothesis emerging
from this consideration is that the attentional modu-
lation occurs after V1. The results of the present study
altogether suggest that the likely site of spatial attention
is somewhere between V1 and MT, though this does not
necessarily exclude the possibility of some higher areas
to be involved as well.

This view is in line with the data obtained by physio-
logical and neuropsychological studies. In a series of
behavioral-physiological studies using trained monkeys,
Waurtz and his colleagues have demonstrated that visual
attention works differentially at different cortical and
subcortical areas (Wurtz, Goldberg & Robinson, 1980).
For example, visual responses of neurons in the posterior
parietal cortex are enhanced when the monkey makes a
saccade to the stimulus (Robinson, Goldberg & Stanton,
1978). Furthermore, their visual responses are enhanced
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when the monkey just pays attention to the stimulus
without making a saccade to it. This type of modifi-
cation was taken to be a physiological mechanism
underlying attention. Posner, Walker, Friedrich and
Rafal (1984) showed that patients with lesions in the
parietal cortex had difficulty in disengaging attention;
engagement of attention was not disrupted. They also
suggested that the site of attentional modification is not
in the parietal cortex but somewhere in its upstream
input pathways. In contrast to the parietal cortical
neurons, visual responses of V1 neurons are seldom
enhanced when the monkey makes a saccade to the
stimulus (Wurtz & Mohler, 1976).

Our conclusion supports the psychological studies
showing that the sensitivity of visual perception is
affected by precueing (Bashinski & Bacharach, 1980;
Downing, 1988). Downing (1988) demonstrated that the
sensitivity is maximally enhanced at the cue location
in a luminance detection task as well as in a form dis-
crimination task. Attention was thus thought to affect
perceptual processing at relatively early levels.

Our hypothesis also agrees with the recent findings of
evoked potential studies in humans (Hillyard, 1985).
Although some of the earlier studies suggested the
pre-cortical modulation of sensory signals by attention
(Eason, Harter & White, 1969; Hernandez-Peon, 1967),
recent studies show that the attention-induced enhance-
ment of sensory evoked potentials occurs mostly after
the presumed first cortical events (Hillyard & Picton,
1987; Desmedt & Robertson, 1977).

Possible roles of the extrageniculate subcortical structures

Alternatively to these “cortical” evidence, subcortical
areas may be the site of the attentional effect. The
extrageniculate system (superior colliculus and pulvinar)
and the basal ganglia are the two candidates.

The superior colliculus receives inputs from the retinae
directly and its outputs are transmitted via the pulvinar
to the visual cortical areas including the area MT
(Rodman, Gross & Albright 1990; Girard, Salin &
Bullier, 1992). Therefore the superior colliculus may
well be the site where the facilitatory effects of attention
are produced (see Fig. 10). In fact, the visual responses
in the superficial layer of the monkey superior colliculus
are enhanced when the monkey attempts to make a
saccade to the visual stimulus (Goldberg & Wurtz, 1972)
or when the monkey attended to the stimulus to perform
a match-to-sample paradigm (Gattas & Desimone,
1991).

This idea might be supported by the well-known role
of the superior colliculus in behavioral orienting. Visual
onsets or offsets, which we used in the present study,
would strongly evoke behavioral orienting, especially
saccadic eye movement. The superior colliculus is indeed
a key structure for the initiation of saccadic eye move-
ments (Sparks & Hartwich-Young, 1989); output cells in
the intermediate layer, receiving a wide range of sen-
sory-motor inputs, convey transient, burst signals to the
brainstem saccade generators. In view of the close
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functional correlation between attention and eye move-
ment, it is natural to wonder if the stimulus-induced
attention involves the superior colliculus.

The pulvinar also has been implicated to be related to
visual attention (Robinson & McClurkin, 1989; LaBerge
& Buchsbaum, 1990). Pulvinar neurons show the sac-
cadic enhancement of visual response. The reversible
blockade of the pulvinar on one side by injection of a
GABA agonist leads to severe hemineglect. The pulvinar
is in an appropriate position to communicate with the
visual cortical areas with mutual fiber connections.

Unilateral dysfunction of the basal ganglia is
known to produce hemineglect—contralateral inatten-
tion (Ljungberg & Ungersteadt, 1976). The saccadic
enhancement of visual response, as seen in the superior
colliculus, have also been observed in the substantia
nigra pars reticulata (Hikosaka & Wurtz, 1983) and the
caudate nucleus (Hikosaka, Sakamoto & Usui, 1989),
both constituting the system of the basal ganglia. With
its inhibitory connection to the superior colliculus,
the substantia nigra might participate in attentional
selection.

Attention may follow a moving object

We have shown that both onset and offset of visual
stimulus draw attention, although the offset-induced
attention develops more slowly (Fig. 7). The onset of a
visual stimulus is particularly powerful in attracting
attention. Using a reaction time task in which the subject
detect the presence or absence of the prespecified target
letter among irrelevant letters, Yantis and Jonides (1984)
showed that a newly appearing letter pops out irrespec-
tive of display size, measured as shortening of reaction
time, while a letter formed by removing line segments
from a preexisting non-letter figure required serial
search. They concluded that the onset transients have
absolute priority over offset transients in inducing
attention. The results of our experiments may seem at
variance with these studies, but there are important
differences in stimulus arrangements. We examined the
effect of stimulus offset independently with onset,
whereas onset and offset occurred at the same time in the
Yantis and Jonides study. In our experiment the cue spot
disappeared, whereas in their study the letters did not
disappear (only the irrelevant parts were removed).
Miller (1989), using a paradigm similar to the Yantis and
Jonides study but including disappearance of letters,
in fact reached a somewhat different conclusion that
attention is also drawn to offset transients.

The offset of a visual stimulus could produce totally
different percepts depending on the global stimulus
arrangements. It could indicate disappearance (complete
offset), change in shape (partial offset), or change in
position (shift in space). The above observations, taken
together, may suggest that there is a critical difference
between the disappearance and the change in shape in
terms of the ability to induce attention. Qur experiment
(Expt 7) indicated further that the change in position
(step) is fundamentally different from the disappearance.
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Unlike in the offset case, the offset of the first stimulus
in the step failed to produce attention (except for the
very beginning); instead, attention appeared to shift
from the location of the first stimulus toward the
location of the second stimulus. A similar interaction
might have occurred in the letter detection tasks such
that any possible foci of attention produced by the
partial offsets may be nullified by a powerful onset
transient. A particularly interesting global effect in our
experiment was apparent motion perceived from the
offset site to the onset site. This suggests an intimate
relationship between apparent motion and shift of atten-
tion. Apparent motion may simply reflect shift of atten-
tion; i.e. what we perceive in apparent motion might
in fact be based upon the shift of attention. If so,
whether or not the focus of attention moves smoothly
along the path of apparent motion is an interesting
question. The relationship between attention shift and
apparent motion will be further discussed in the next
section.

We have shown that attention can follow a moving
object (Hikosaka et al., 1993); when multiple spots
rotate around the fixation point and one of them is
flashed, attention can easily follow the flashed spot,
not captured at the flashed retinal location. The
onset/offset interaction observed in the present study
may underlie the smooth pursuit of attention. Note
that in the present experiment the subjects were not
required to follow the moving spot voluntarily with
attention. Attention might thus be bound to a moving
object, automatically to some extent, as suggested by
(Kanwisher & Driver, 1992).

Relation of the line motion sensation to apparent motion

The intimate relationship between attention shift and
apparent motion naturally raises a question of whether
the illusory motions is just a special artifact of apparent
motion. There are several reasons why we do not think
so. First, the motion sensation in our study has charac-
teristics different from what defines apparent motion;
that is, “when two neighboring visual stimulus objects
are alternated in place at an appropriate rate, the
observer sees a single object in movement between them”
(Kolers, 1963). In our case, motion is perceived in a
visual object, i.e. solid line, not berween or outside visual
objects. In this regard, our observation may be more
relevant to a phenomenon labeled “gamma movement”
which was reported by several researchers, including
Ernst Mach, Max Wertheimer and Gaetano Kanizsa
(Kanizsa, 1979): when a visual object is abruptly pre-
sented on a homogeneous background, it appears to
expand. Second, the fact that both onset and offset of a
visual stimulus produce the line motion sensation would
be difficult to explain by apparent motion. According
to the classical scheme, apparent motion should be
produced away from the offset site and toward the
onset site. In contrast, the line motion sensation was
produced away from the onset site. The sequence is also
reversed; unlike apparent motion, the line motion was
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perceived after the onset. The gamma movement would
not account for these phenomena because it is a
phenomenon that is observed when a visual object comes
on, not goes off.

A stronger argument against apparent motion
comes from our separate study in which attention was
invoked purely voluntarily (Hikosaka er al., 1993). For
example, a red square and a green square were pre-
sented at once, the observer attends to the square
with the pre-instructed color, and then a probe line
was presented between the squares. The same motion
sensation, though somewhat weaker, was produced
from the attended square. Apparent motion, whether
short-range or long-range (Braddick, 1980), acts to
solve the correspondence problem between sequential
visual images {Anstis, 1980). In the experiment of vol-
untary attention, however, there was no physical
changes in visual images for which the brain has to
solve the correspondence problem.

Added to the above arguments are our recent obser-
vations. First, when the probe line is remote from the cue
stimulus (up to several degree of visual angle), the
motion sensation is still perceived in the line, not
between the cue and the line (Miyauchi er al., 1992).
Second, the motion sensation remains robust even when
the cue, the line, and the background are different in
color but isoluminant (unpublished observation), This is
at variance with the observation that apparent motion
can be abolished, or at least significantly weakened, in
the isoluminant condition (Anstis, 1970; Ramachandran
& Gregory, 1978). Finally, even when the cue is in a
non-visual modality such as auditory or somatosensory,
the same visual line motion could be observed (Shimojo,
Miyauchi & Hikosaka, 1992).

Time course of attention

Our results suggested that the local facilitation caused
by a cue stimulus is composed of a transient component
and a sustained component. This is similar to the
temporal characteristics obtained by Nakayama and
Mackeben (1989). Discrimination of an odd stimulus
among many non-odd stimuli is difficult if the oddness
is defined by a conjunctive feature, requiring serial
search with voluntary attention (Treisman & Gelade,
1980). If, however, a visual cue is presented beforehand
at the location of a possible odd stimulus, the dis-
crimination becomes much easier depending on the cue
lead time. The time course of such facilitation comprised
of an initial transient phase followed by a sustained
component.

These two components might correspond to and
perhaps be caused by the transient and sustained
neuronal responses in central visual areas (Breitmeyer
& Ganz, 1976). In fact, in our flash-line experiment
in which the cue stimulus was no longer present when
the probe line was presented (Fig. 6), the sustained
component was uncommon or unclear. The reversal
of facilitation in the cue-off experiment (Fig. 7) can
be explained in the same manner: the offset of a
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cue stimulus would activate off-cells transiently while
the remaining cue stimulus would keep activating
sustained-type cells on the other side.

In contrast, Nakayama and Mackeben (1989) inter-
preted the sustained component as reflecting the volun-
tary or top-down control. In their study the cue stimulus
indicated the location where attention was to be directed,
whereas in our study the cue had no such predictive
validity. We would accept their interpretation because
when we asked the subject to hold attention to the
flashed side (Hikosaka et al., 1993) (unlike in the present
study), the local facilitation was maintained even though
there was no longer a difference between the cued and
uncued sides. Taken together these results, the sustained
facilitation may be caused by at least two different
processes—sensory and voluntary; attention may be held
by the mere presence of a sensory stimulus or by
voluntary effort.

Using a reaction time task, however, Posner and his
colleagues (Posner, 1980; Posner & Cohen, 1984; Posner,
Cohen & Rafal, 1982) reached a different conclusion.
They demonstrated that the reaction time of button
press in response to the appearance of a visual target was
shortened if a visual cue was presented at the location of
the stimulus whereas lengthened if the cue was on the
other side. In this respect our results are in line with
theirs in that both suggest the change in the speed of
information processing. But there is a difference: a
distinctive feature in the Posners results is that the
information on the cued side is inhibited for a certain
period after the facilitation, which they called “inhi-
bition of return”. This was never seen in our study.

The duration of precueing might be a factor to explain
the difference. In Posner’s experiments the cue stimulus
was presented for a short period (100300 msec); by the
time the inhibition of return became manifest, the cue
stimulus was absent and thus could no longer anchor
attention, unlike in our study or the Nakayama and
Mackeben study.

The negative facilitation (inhibition of return), how-
ever, is still difficult to explain. In most of the Posner’s
experiments, the target appeared on the cued side or
uncued side in an equal probability. Such uncertainty
may require the subject to make a rapid serial search
before making a motor response, yielding the reversal of
attention. No such time constraint was imposed in our
study. Thus, the difference probably stems from the
difference in behavioral measure: motor response in their
case and perceptual speed in our case. The neural
pathways leading to visual perception in our study and
to motor response in the Posner’s study are certainly
different, although they should share the common visual
pathway up to an unknown branching point. The differ-
ence, especially the inhibition, should occur after the
motor-oriented information diverges from the common
visual pathway.

This comparison may lead to the idea that the atten-
tion mechanism is distributed along different stages of
information processing leading to motor acts. The dis-
tributed nature of attentional mechanisms was indicated
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by regional cerebral blood flow studies (Roland, 1982).
Corbetta, Miezin, Dobmeyer, Shulman and Petersen
(1991) using positron emission tomography (PET),
demonstrated that attention-induced activation was ob-
served at a whole variety of cortical as well as subcortical
areas, but the activation pattern varies depending on the
nature of task demands. Neurophysiologically, the effect
of attention is demonstrated as the enhancement or
suppression of sensory responses, but the nature of the
modulatory processes is different among different brain
areas (Goldberg & Wurtz, 1972; Roland, 1982;
Hikosaka & Wurtz, 1983; Fischer & Boch, 1985; Moran
& Desimone, 1985; Richmond & Sato, 1987, Haenny &
Schiller, 1988; Haenny, Maunsell & Schiller, 1988; Sato,
1988; Spitzer, Desimone & Moran, 1988; Hikosaka
et al., 1989; Fuster, 1990).

An intriguing possibility, in close relation to the
allegedly distributed nature of attention mechanism, is
that a cue in non-visual sensory modalities might also
yield the same line motion effect in vision. We have
already confirmed this with an auditory cue as well as a
somatosensory cue (Shimojo et al., 1992).

Attention and movement are both reflexive and voluntary

There are common features between attention shift
and body movement. Body movement is the way in
which we manipulate the external environment. It is an
active process. This does not necessarily mean, however,
that body movement is always voluntary, under con-
scious control. It can be evoked by sensory inputs, as
known to be reflex. Knee-jerk reflex or vestibulo-ocular
reflex are typical examples. The distinction between
reflex and voluntary movement is unclear, but there
certainly exists a spectrum of movement, from the ones
most reflex-like to the ones most voluntary. The relation-
ship between reflex and voluntary movements is inti-
mate: they are not exclusive but share common neural
mechanisms. For example, there are two types of fast eye
movement: quick phase of nystagmus which is reflexive
and saccade which is more voluntary, both acting to
reset visual images. Along with phylogenetic develop-
ment, the visual areas, such as the superior colliculus,
gained neural connections to the brainstem neural mech-
anisms for the quick reflexive phase, thus allowing a fast
eye movement in response to a visual stimulus. This is
what we call saccade. In other words, the neural mech-
anisms of voluntary movements are not separate from
the mechanisms of reflexes; rather, the voluntary motor
systems utilize the basic mechanisms of reflexes.

We speculate that the same principle holds for the
neural mechanism of attention, as suggested previously
(Posner, 1980; Jonides, 1981; Miiller & Rabbit, 1989).
We have shown in a separate study (Hikosaka et al.,
1993) that voluntary attention can be detected by the
same line motion method, as mentioned above. The
illusory motion has the same quality as the one described
in the present study. Furthermore, the motion induced
by voluntary attention and the motion induced by
stimulus-induced attention interact, the latter being
always dominant, albeit transiently. These data indeed
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suggest that voluntary type of attention may be phylo-
genetically newer, and activates the same mechanisms
which serve for stimulus-induced, reflexive attention
(Johnson, Posner & Rothbart, 1991).
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