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Abstract

A flash that is presented aligned with a moving stimulus appears to lag behind the position of the moving stimulus. This
flash-lag phenomenon reflects a processing advantage for moving stimuli (Metzger, W. (1932) Psychologische Forschung 16,
176-200; MacKay, D. M. (1958) Nature 181, 507—-508; Nijhawan, R. (1994) Nature 370, 256—257; Purushothaman, G., Patel,
S.S., Bedell, H.E., & Ogmen, H. (1998) Nature 396, 424, Whitney, D. & Murakami, 1. (1998) Nature Neuroscience 1, 656—657).
The present study measures the sensitivity of the illusion to unpredictable changes in the direction of motion. A moving stimulus
translated upwards and then made a 90° turn leftward or rightward. The flash-lag illusion was measured and it was found that,
although the change in direction was unpredictable, the flash was still perceived to lag behind the moving stimulus at all points
along the trajectory, a finding that is at odds with the extrapolation hypothesis (Nijhawan, R. (1994) Nature 370, 256—257). The
results suggest that there is a shorter latency of the neural response to motion even during unpredictable changes in direction. The
latency facilitation therefore appears to be omnidirectional rather than specific to a predictable path of motion (Grzywacz, N. M.
& Amthor, F. R. (1993) Journal of Neurophysiology 69, 2188—-2199). © 2000 Elsevier Science Ltd. All rights reserved.
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ner & Smeets, 2000; Eagleman & Sejnowski, 2000;
Whitney, Murakami, & Cavanagh, 2000) have shown
that, when there are changes in the velocity of the
moving stimulus, such as an acceleration, a stop, or a
reversal, the magnitude of the illusory flash lag is
inconsistent with predictions made by extrapolation.
Alternatively, we have proposed that the illusory flash
lag is due to a shorter neural latency for moving than
for flashed stimuli. Consistent with this suggestion,
when the luminance contrast of the flash is increased

1. Introduction

A flash that is presented adjacent to a moving stimu-
lus appears to lag behind the position of the moving
stimulus (Metzger, 1932; MacKay, 1958). According to
some, this illusion is evidence that the visual system
compensates for the neural delays involved in process-
ing moving stimuli by extrapolating the expected cur-
rent physical location of a moving stimulus along its
trajectory. The stimulus is thereby seen at the location

it is expected to be, given its motion (i.e. at its actual
location; Nijhawan, 1994, 1997, Khurana & Nijhawan,
1995). The flash, however, is perceived where it was
presented, and thus appears to lag behind the moving
stimulus.

Although the extrapolation model is intuitively pleas-
ing, recent studies (Whitney & Murakami, 1998; Bren-
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sufficiently (thereby reducing the neural latency for the
flash), the flash is not perceived to lag behind the bar,
but to lead the bar (Purushothaman, Patel, Bedell, &
Ogmen, 1998; cf. Roufs, 1974).

Despite the growing literature on the flash-lag phe-
nomenon, the stimuli used to study the illusion have
been restricted to movement along linear or predictable
trajectories. These types of motion have been adequate
to support the differential latency hypothesis, yet the
mechanism by which such a hypothesis would operate
remains elusive. After all, the suggestion that there is a
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processing difference between moving and flashed stim-
uli is counterintuitive: considering that flashed objects
have motion energy in all directions, they must stimu-
late many of the same directionally selective detectors
that respond to the moving stimulus. The flash and the
moving stimulus do differ, nevertheless, in the continu-
ity of their motion energy. One mechanism that may
underlie the latency advantage for moving objects is
facilitatory connections along the expected path of mo-
tion (Grzywacz & Amthor, 1993). Such path-dependent
facilitation would lead one to expect that either pre-
dictable, or at least locally linear, trajectories of motion
would have the greatest reduction in latency, or the
maximum flash-lag effect.

In the following experiments, we test whether the
latency advantage for moving stimuli is omnidirectional
or specific to the established path of motion. To investi-
gate which of these alternatives holds, we presented a
flash adjacent to a moving stimulus that changed direc-
tion at a random position. In the first experiment, the
moving stimulus was a pair of translating dots that
created a three-dot vernier task when the flash was
presented between them. To control for the anisotropic
nature of this stimulus, the second experiment used a
single moving dot, while the flash was a hollow ring.
The response latency to a flash (of fixed luminance) will
be constant irrespective of the trajectory of the moving
stimulus. A change in the illusory flash lag at different
points along the trajectory must therefore reflect a
change in the latency of the response to the moving
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Fig. 1. Stimulus used in the first experiment. A moving bar (two
vertically aligned squares) translated vertically before turning ran-
domly rightward or leftward. The initiation of the bar’s motion was
randomly assigned to a location within 4.32°. The turning point was
also randomly determined. The location of the fixation point was
therefore not predictive of the bar’s trajectory. The two bold lines
that form a right angle indicate the bar’s trajectory, but were not
presented during the experiment.

stimulus as it changes direction (see Fig. 1 for an
example of a 90° direction change).

2. Experiment 1: orthogonal direction change using a
three-dot vernier

2.1. Methods

One naive subject, and one of the authors (DVW)
participated in the experiment. Each had normal or
corrected-to-normal vision. Subjects were seated in a
darkened experimental booth with a chin rest 57 cm
from a Macintosh high-resolution monitor that had a
refresh rate of 66.7 Hz. A pair of vertically aligned
white (34.5 cd/m?) squares translated vertically upwards
(see Fig. 1 for a representative trial). Each square
subtended 0.54°. The distance between the squares
(1.26°) was constant, and they moved concurrently at
11.84° s—!. The horizontal position where the squares
(also referred to as a ‘bar’) appeared and began to
move was randomly generated within a 4.32° window.
When the vertically moving bar reached a randomly
generated position, within a 1.8° vertical window, it
abruptly made a 90° turn leftward or rightward (deter-
mined randomly); the squares remained vertically
aligned. The average vertical distance between the fixa-
tion point and the turning point was 3.64°. A white
(34.5 cd/m?) fixation point was provided above the
trajectory of motion (within 6.49° of the turning point).
Because the point of motion initiation and the turning
point were randomly varied, the fixation point was
located in a different location relative to the motion of
the bar in each trial. The background was dark (0.01
cd/m?).

In each trial, a small white (34.5 cd/m?) disk subtend-
ing 0.18° was flashed for one video frame (15 ms)
between the moving squares. The eccentricity of the
flash, and therefore the duration of the bar’s movement
before the flash, was randomly varied. When the flash is
presented between the moving squares during linear
continuous motion, the flash appears to trail behind the
squares. To measure the degree of perceived lag, the
flash was presented ahead of the moving squares. In
this experiment, however, the moving squares change
from vertical to horizontal motion. Therefore, the flash
might appear to lag behind the squares in two-dimen-
sional space. That is, as the moving squares change
from vertical to horizontal motion, we might expect the
flash to appear to lag vertically and horizontally behind
the moving squares.

In order to measure where the flash appears aligned
with the moving squares when they change direction
(i.e. the degree of illusory flash offset), two separate
conditions were necessary: the first to measure the
apparent horizontal offset of the flash, and the second
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Fig. 2. In the first of two experimental conditions, a flash was
presented before or after the bar at various horizontal offsets (poten-
tial flash locations indicated by hollow circles). The two bars (two
pairs of squares) indicate that the flash could be presented during the
bar’s vertical or horizontal motion; only one bar was shown on each
trial, however. The subject judged whether the flash appeared spa-
tially offset to the right or left of the bar (2AFC task). By calculating
a psychometric function, the location of the flash (solid circle) that
appeared aligned with the bar was found.

to measure the apparent vertical offset of the flash. The
method of constant stimuli was used in both
conditions.

In the first condition, the flash was presented between
the vertically aligned moving squares and offset by
varying degrees to the right or left of them (Fig. 2a).
The subject’s task was to judge whether the flash ap-
peared spatially offset to the right or left of the verti-
cally aligned squares. A psychometric function was
calculated for a given time (before or after the bar’s
abrupt change in direction) that yielded a horizontal
setting of perceived alignment. This is the horizontal
offset required to make the flash appear vertically
aligned with the moving squares (Fig. 2b).

In the second condition, the flash was presented
adjacent to the vertical midpoint between the vertically
aligned squares (separated by 0.72°; Fig. 3a). The posi-
tion of the flash was then offset vertically from this
midpoint. The subject’s task was to judge whether the
flash appeared above or below the midpoint between
the vertically aligned squares. By varying the degree of
vertical offset between the flash and the midpoint, a
psychometric function was calculated that estimates the
vertical point of perceived alignment. This is the verti-
cal offset required to make the flash appear horizon-
tally aligned with the midpoint of the moving squares

(Fig. 3b). When combined, the data for the two experi-
mental conditions (Figs. 2 and 3) reveal the locations of
the flash that appeared aligned with the bar as it
traveled along its two-dimensional path.

For each condition, there were at least 20 trials for
each of six positions of the flash relative to the bar.
Data for the leftward motion of the bar were flipped
and merged with that for the rightward motion. Psy-
chometric functions were fitted to the data from the
logistic function y = {1 + exp[ — a(x — b)]} ~!, where b
estimates the flash setting that appears spatially aligned
with the bar (either vertically or horizontally depending
on the condition). Positions of the flash that appear
aligned with the moving bar were measured for each of
14 video frames (210 ms) around the velocity change.

2.2. Results

The flash alignment settings indicate where the flash
is presented for it to appear aligned with the moving
bar. These locations therefore trace out the perceived
trajectory of the bar, and estimate the amount of time
that the flash must precede the bar at a particular
location.

Fig. 4a and Fig. 5a show the stimulus trajectory in an
X-Y plot for two observers. Each video frame is sig-
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Fig. 3. In the second experimental condition, the flash was presented
before or after the bar at various vertical offsets. As in the first
experimental condition, only one bar was presented on each trial. The
subject judged whether the flash appeared spatially offset above or
below the bar (2AFC task). By calculating a psychometric function,
the location of the flash that appeared aligned with the bar was
found. When taken with the first experimental condition (Fig. 2), the
combined data show the locations of the flash that appeared aligned
with the bar as it traveled along its two-dimensional path.
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Fig. 4. (a) Space—space (X—Y) plots of the data for subject DVW across time. The moving bar and flash are represented by the large and small
filled circles, respectively. Each video frame is represented by a single large square image. The two bold lines that form a right angle indicate the
bar’s trajectory, but were not presented during the experiment. The gray rectangular area around the small filled circle (flash) represents a 99%
confidence interval. (b) In order to visualize the differential latency over the course of the stimulus motion, the data from (a) are graphed, showing
the amount of time that the flash must precede the bar to perceptually align the two, i.e. the differential latency, at various locations relative to
the direction change. (The abscissa of the graph shows the location of the flash relative to the turn, and can therefore be equated to the time of
the bar before or after its turn.) The gray area on the graph represents the 99% confidence interval from (a). Notice that the differential latency
is always greater than zero, indicating that the flash must precede the moving bar at all locations, despite the presence of an unpredictable

direction change.

nified by a single square image. Data were gathered for
14 frames in total and, therefore, 14 positions of the
moving bar. The solid large circle and smaller dot
represent the moving bar and the flash that appeared
aligned with the bar, respectively. The aligned flash is
plotted with X as the horizontal alignment obtained in
one condition and with Y as the vertical alignment
obtained in the other condition. The width and height
of the gray rectangles indicate the horizontal and verti-
cal alignment setting 99% confidence intervals, respec-
tively. If there is temporal facilitation for the moving
bar (i.e. differential latency), we would expect that the
flash must precede the bar at any location by some
amount of time. If there is no facilitation for the
moving bar, the flash should be presented at the same
location as the bar for it to appear aligned.

The data in the X-Y plots of Figs. 4 and 5 reveal
two important facts. First, the perceptually aligned
flash (small dot) does not deviate from the motion
trajectory. This finding rejects an explanation of the
flash-lag phenomenon in terms of a predictive response,
such as spatial extrapolation, because the moving bar
should have appeared to overshoot the unpredictable
point where it changed direction. Rather, this finding

supports our hypothesis that the perceptual difference
between the flash and the moving bar is only a matter
of latency. Second, and more importantly, there is
relatively little variation in the amount of time that
must separate the presentation of the bar and flash in
order to align the two perceptually. This suggests that
facilitation does not transiently disappear following an
abrupt change in direction.

To analyze this more closely, we have calculated the
amount of time that the flash must precede the bar at
each of the flash’s locations. For example, the data in
Fig. 4a show that the flash in the first frame, and the
moving bar in the fourth or fifth frame appear at the
same time and the same place, thus their latency differ-
ence is roughly three to four video frames. In other
words, the distance between the bar (large circle) and
the flash (small dot) in the first frame is about 0.54-
0.72° (which equals 45-60 ms). This value corresponds
to the amount of time that the flash in the first frame
must precede the moving bar at the same location to
appear aligned.

Performing this calculation at each of the flash’s
locations provides a visualization of the change in the
differential latency as a function of the motion trajec-
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tory (Fig. 4b). For example, the first data point in Fig.
4b shows that, at the position of the flash in the first
frame, the differential latency is about 50 ms (as ear-
lier). Strikingly, Fig. 4b and Fig. 5b show that there is
little variation in the differential latency at the point of
direction change. If the temporal facilitation for moving
objects were contingent on linear trajectories, we would
expect that, at the time of direction change or one video
frame after, the differential latency would be reduced
significantly, if not completely eliminated, before recov-
ering. These results tentatively support the idea that
there is a differential latency for moving and flashed
stimuli that exists regardless of the moving stimulus’
history or direction.

One interesting facet of the data for subject DVW in
Fig. 4b is that the differential latency decreases slightly
about four frames (~ 0.72°) after the 90° turn. Al-
though the differential latency does not decay entirely,
the dip is clear, and is visible in the data of subject ELV
about 75 ms after the bar’s change in direction. This
transient decrease in the differential latency is certainly
tied to the direction change in some way, but conclud-
ing that there is path-dependent facilitation at the
moment of a direction change is unwarranted because
the dip in facilitation occurs well after the actual
change in direction. Indeed, the least facilitation for the
moving bar occurs after it has moved about 1° away
from the point of direction change. There are several
possible explanations for the transient dip in facilita-
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tion: it could be evidence of path-dependent facilitation,
a luminance artifact in the form of increased motion
blur, or persistence at the unpredictable direction
change (Hogben & Di Lollo, 1974; Watamaniuk, 1992),
attentional shifts, or an artifact of the anisotropic stim-
ulus used in the experiment. To control for the stimulus
in the first experiment, the second experiment uses a
more isotropic moving target and flash. The alterna-
tives will be examined further in Section 5.

3. Experiment 2: orthogonal direction change using
isotropic stimuli

3.1. Methods

The methods in the current experiment were identical
to those of the first experiment, except that the moving
stimulus (bar) was a single white (34.5 cd/m?) moving
disk (0.54° diameter). Just as in the first experiment, the
moving bar (disk) translated vertically upwards before
abruptly turning 90° left or right at an unpredictable
location. To reduce the possibility of screen persistence
or a luminance artifact, the speed of the moving disk
was reduced in this experiment to ~ 4.8° s~ !, The flash
was a white (34.5 cd/m?) ring-shaped stimulus (1.8°
diameter, 0.072° thick ring; see Fig. 6). The procedure
and instructions to the subject were identical to those in
the first experiment.
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Fig. 5. (a) and (b) As Fig. 4 but for subject ELV.
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Fig. 6. Stimulus used in the second experiment. Methods were
identical to those in the first experiment; only the stimulus was
altered. A single bar (black disk) translated vertically, then turned 90°
rightward or leftward. A circular ring was flashed for one video frame
at a random point along the moving bar’s trajectory. The two bars
indicate that the flash could be presented during the bar’s vertical or
horizontal motion; only one bar was shown on each trial, however.
Subjects were asked to judge the location of the flash relative to the
bar.

3.2. Results

As with the first experiment, the flash alignment
settings indicate where the flash is presented for it to
appear aligned with the moving bar. These settings
trace out the perceived trajectory of the bar, and esti-
mate the amount of time that the flash must precede the
bar at a particular location in order to appear aligned.

The differential latency between the flash and the bar
is graphed in Fig. 7, as it was in Fig. 4b and Fig. 5b for
experiment 1. The results are very similar to those of
the first experiment. There is more noise in the data,
however, which justifies the use of a three-dot vernier
task in the first experiment. Although the speed of the
moving disk was reduced in this experiment, the differ-
ential latency is similar to that in the first experiment;
this is consistent with the velocity independence of the
differential latency previously reported (Whitney et al.,
2000). Unlike the first experiment, however, there is
little or no transient dip in the differential latency
around 40-60 ms after the direction change for subject
DVW. Thus, it is possible that, in the first experiment,
either the asymmetrical nature of the stimulus or the
added luminance transients from faster motion caused
the characteristic dip in the data.

Before concluding that there is constant facilitation
around the direction change, however, it should be
noted that there is a declining differential latency trend
in the data: the average differential latency for subjects

DVW and ELV before the direction change was ~ 6
ms higher than that after the direction change. This dip
is not dramatic, but is roughly consistent with the first
experiment and raises the possibility that there is an
anisotropic sensitivity to horizontal as opposed to verti-
cal motion. If the subjects were more sensitive to verti-
cal motion, we would expect a larger differential
latency for vertical than horizontal motion, and a de-
creasing trend in the data in Fig. 4b, Fig. 5b, and Fig.
7. To address this possibility, a third experiment mea-
sured the differential latency for vertical and horizontal
motion.
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Fig. 7. Results of the second experiment. The differential latency is
plotted as a function of the moving bar’s position for subjects DVW
and ELV, as in Fig. 4b and Fig. 5b. The graphs show the amount of
time that the flash had to lead the bar at each of the flash’s locations
in order to appear aligned with the bar.
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Fig. 8. Results of the third experiment. The differential latency for
moving and flashed stimuli is plotted as a function of direction of
motion. The graph indicates that there is not a significant difference
between horizontal and vertical motion, suggesting that directional
anisotropy in sensitivity is not responsible for the existence of a
differential latency immediately after the 90° turn in the first and
second experiments.

4. Experiment 3: horizontal versus vertical facilitation

4.1. Methods

The stimulus from the first experiment was also used
here, except that no direction changes were employed
and the moving bar (pair of aligned squares) moved
only along vertical or horizontal trajectories.

Two subjects participated in the experiment (both of
whom had participated in the first experiment). In each
trial, two moving squares (bar) were randomly pre-
sented as either moving horizontally (left to right or
right to left) or vertically (top to bottom or bottom to
top). On the vertical motion trials, the squares were
aligned horizontally, and on the horizontal motion
trials, the squares were aligned vertically. The two
squares were oriented vertically or horizontally to allow
for more precise vernier discriminations (Beck &
Schwartz, 1979). At a random point along the bar’s
trajectory, a flash was presented ahead of or behind the
bar. The subjects were asked to judge whether the flash
appeared spatially offset to the right or left if there was
horizontal motion, and above or below if there was
vertical motion.

4.2. Results

As the results in Fig. 8 show, the differential latency
did not differ significantly between the conditions with
only vertical motion or only horizontal motion (the
most significant difference was for subject DVW: 75, =
0.412, P> 0.05). The differential latency measured in
this experiment is consistent with that measured in the
first experiment, and also with that reported in previous
papers using similar stimuli (Whitney & Murakami,
1998; Whitney et al., 2000) This suggests that the slight
drop in differential latency ( ~ 6 ms) after the direction

change is not an artifact of detectors that are differen-
tially sensitive to the direction of motion.

5. General discussion

The first and second experiments showed that the
differential latency for flashed and moving stimuli per-
sists even during and after abrupt changes in direction.
The fact that the flash-lag phenomenon was present at
all points along the trajectory of motion, despite the
abrupt change in direction, rules out such predictive
mechanisms as spatial extrapolation (Nijhawan, 1994),
and path-dependent motion facilitation.

An extrapolation mechanism is unable to account for
the results because the motion was unpredictable. Since
there were no predictive cues about the moving bar’s
trajectory, the extrapolation hypothesis requires that
the perceived position of the bar continue to be extrap-
olated beyond the turning point. Yet, the perceived
trajectory of the bar closely followed the actual trajec-
tory (Fig. 4a and Fig. 5a), thereby reducing the likeli-
hood of extrapolation’s contribution to the flash-lag
phenomenon.

The results also counter most models of path-depen-
dent facilitation. If the latency advantage for moving
stimuli followed a typical motion facilitation mecha-
nism, such as those proposed for detection threshold
where increasing the duration of the stimulus increases
its detectability (Sekuler, Sekuler, & Sekuler, 1990), or
spatial or temporal recruitment (Lappin & Bell, 1976;
Nakayama & Silverman, 1984; Snowden & Braddick,
1989a,b; Watamaniuk, Sekuler, & Williams, 1989;
Festa & Welch, 1997), one might expect that the facili-
tation observed in these experiments would fall off as a
function of the angle between the initial and subsequent
directions of motion (e.g. motion inertia or angular
momentum; Anstis & Ramachandran, 1987). However,
the results cannot be explained by such models of linear
path facilitation because the reduced latency for mov-
ing stimuli is constant even during abrupt right-angle
turns. This is somewhat surprising, for motion in the
world is, by nature, locally continuous and often linear,
at least over brief durations. The intuitive, path-depen-
dent models already mentioned are based on this
property.

The results do support a temporal facilitation mecha-
nism (reduction in neural latency) that is insensitive to
changes in the direction of motion. This type of om-
nidirectional facilitation is not commonly reported, but
mechanisms could exist to serve such forms of unpre-
dictable motion, either at the retinal level (Berry,
Brivanlou, Jordan, & Meister, 1999) or even at higher
stages of visual processing, where the continuity of
moving stimuli would garner them an advantage that
flashed stimuli do not have, i.e. although you do not
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know where a moving stimulus will be, if it is undergo-
ing continuous motion, the number of possible future
locations are far fewer than for an unpredictable flash.
Thus, omnidirectional facilitation may be as ecologi-
cally valid as the path-dependent forms of facilitation.

Although the third experiment demonstrated that
there is no difference in sensitivity to horizontal and
vertical motion, there could be a difference between
vertical and horizontal motion with respect to the fixa-
tion point in the first two experiments. Previous studies
have shown a greater sensitivity to motion toward than
away from the fovea (Mateeff & Hohnsbein, 1988;
Mateeff, Bohdanecky, Hohnsbein, Ehrenstein, & Yaki-
moff, 1991; Mateeff et al.,, 1991). During the first
vertical segment of the bar’s trajectory, the bar moved
roughly toward fixation, whereas immediately after the
change in direction, there was an equal proportion of
motion toward and away from fixation. This differential
sensitivity could explain the slightly decreasing slope in
the data shown in Fig. 4b, Fig. 5b, and Fig. 7, but it is
consistent with the conclusion that there is maintained
temporal facilitation at changes in direction.

5.1. Turning sharp corners

There are two questions about the abrupt change in
direction used in the first two experiments. First, why
was the three-dot stimulus used in the first experiment?
Second, what caused the absence of spatio-temporal
blurring of the sharp change in the direction of motion?

It is important to address the seemingly counterintu-
itive use of vertically aligned squares as the stimulus in
the first experiment. When the squares move vertically,
one trails behind the other, whereas when they are
moving horizontally they are separated in space and
never occupy the same location. This creates a kind of
anisotropic stimulus that could have influenced the
data.

There was a purpose for using such a stimulus,
however. The two moving squares in the first experi-
ment were vertically aligned so that it was easier to
judge the flash’s location when the squares were moving
horizontally just after the 90° turn. When the flash was
presented (or perceived) during this segment of the
squares’ motion, a three-dot vernier task was effectively
created. Vernier acuity is significantly better for three-
dot than two-dot configurations when the location of
the center dot is manipulated (Beck & Schwartz, 1979;
cf. Hadani, Meiri, & Guri, 1984). This should hold
especially true for relatively high speeds, where tradi-
tional two-line vernier acuity degrades (Westheimer &
McKee, 1975; Welch & McKee, 1985). Therefore, since
we were primarily interested in the differential latency
just at, or after, the change in direction, we chose to use
a stimulus that would reduce error during the horizontal
segment of the squares’ motion.

A related question is why there is no blurring or
rounding of the perceived trajectory of motion near the
90° turn. The flash alignment settings indicate the per-
ceived trajectory of motion, and yet, if there were
spatio-temporal filtering of the moving bar’s trajectory
(Whitney & Murakami, 1998; Whitney et al., 2000), one
would expect this to be reflected in the flash alignment
settings. It turns out that the stimulus configuration
employed in the first experiment intentionally con-
tributes to the lack of rounding near the turn. As Figs.
4 and 5 show, there is less error in the data in the first
experiment than in the second, which used a different
stimulus (Fig. 7). So, creating a three-dot vernier task
seems to have improved the perception of the flash’s
position near the bar’s turning point.

The perception of a sharp change in direction in the
first experiment (Fig. 4a and Fig. 5a) also challenges a
possible explanation for the relatively constant differen-
tial latency around the direction change. Spatio-tempo-
ral averaging of the moving bar’s trajectory could have
caused a smoothing of the differential latency and, in
turn, the absence of any significant dip in the differential
latency in Fig. 4b, Fig. 5b, and Fig. 7. For example, in
the ‘postdiction’ model (Eagleman & Sejnowski, 2000),
the moving bar’s positions are integrated only after the
flash, which naturally gives rise to a perceived position
for the bar that is ahead of the flash. Another possibility
is a slow averaging ( ~ 600 ms) of the moving bar and
a persistent representation of the flash, which could lead
to a difference in the perceived positions of the two
stimuli (Lappe & Krekelberg, 1998; Krekelberg &
Lappe, 1999, 2000). In both cases, integrating over the
moving bar’s trajectory should cause it to appear as if
it were turning a rounded corner, rather than a sharp
one. This was not the case, as the perceived bar trajec-
tories in Fig. 4a and Fig. 5a show.

5.2. Previous research

Relatively few studies have investigated the effect of
an abrupt change in direction on the detectability of a
moving stimulus. Some studies have used reaction time
(Sekuler et al. 1990; Sekuler & Sekuler, 1993), and
others have used threshold duration for detection
(Hohnsbein & Mateeff, 1998). Comparisons with these
studies should be made with caution, however, because
detection of a change in a moving stimulus does not
necessarily imply detection of the position (or even
direction) of the moving target (Levinson & Sekuler,
1975; cf. Watson, Thompson, Murphy, & Nachmias,
1980). However, aspects of previous research do merit
discussion in the context of the present experiments.

For example, Sekuler et al. (1990) have used abrupt
direction changes to measure the effect of predictability
on the reaction time (RT) to motion onsets and direc-
tion changes. In their experiments, a small disc trans-
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lated in a predictable or unpredictable direction and
then abruptly changed direction by varying degrees to a
predictable or unpredictable trajectory. Although their
studies are different in that only a change in a moving
target (rather than its position) needed to be detected in
order to respond, the manipulations of predictability in
their studies are also an inherent issue in the current
study.

According to Sekuler et al. (1990), the predictability
of a direction change improves its detectability (cf.
Sekuler & Ball, 1977; Ball & Sekuler, 1980). They found
that, even with a predictable initial trajectory, if the
subsequent direction of motion was unpredictable,
there was a significant increase in RT. This seems to
contradict our result if RT is also taken as a measure of
visual latency. Although in a strict sense the direction
change was unpredictable in the current study, in that
the moving bar could turn rightward or leftward, the
number of possible directions were far fewer than in the
studies by Sekuler et al. (1990). Indeed, as these authors
point out when comparing their study with that of
Watson et al. (1980), there is less uncertainty with fewer
possibilities, and this could lead to less increase in RT.
In addition, Sekuler et al. found that RT to an unpre-
dictable change in direction decreased with increasing
initial stimulus duration. Since the initial duration of
the moving bar in the present experiment was relatively
long (particularly in the second experiment), the effect
of predictability was reduced.

A possible explanation for the increase in RT in the
direction change experiments of Sekuler et al. (1990) is
that there are attentional shifts in the presence of
stimulus changes (cf. Baldo & Klein, 1995; Ascher-
sleben & Miisseler, 1999). According to such a hypoth-
esis, there would be a delay in the processing of the
moving bar just after an unpredictable, abrupt direction
change. This is comparable with the phenomenon that
occurs when smoothly pursuing an object that is mov-
ing unpredictably; it is impossible to make predictive
eye movements, which results in erroneous tracking
that necessitates corrective saccades. If there were at-
tentional shifts, we would expect not only an increase in
RT, but a commensurate decrease in the differential
latency. This was not observed in the first experiment,
however, which suggests that, although attentional
shifts were probably present, they did not dramatically
affect the processing of the moving bar. On the other
hand, the dip in the differential latency already noted in
the first experiment could potentially be a result of such
attentional shifts.

Another series of related studies involves a proposed
model for the detection of changes in speed (Dzha-
farov, Sekuler, & Allik, 1993). According to these au-
thors, there is evidence that the detection of a change in
velocity is carried out by a ‘subtractive normalization’
process, whereby a change in velocity from V; to V; is

actually equal to an onset of motion with a speed of
V, — V,. This is an interesting idea and has been ap-
plied not only to changes in velocity, but also to
changes in direction (Dzhafarov et al., 1993; Hohnsbein
& Mateeff, 1998; Mateeff, Genova, & Hohnsbein,
1999).

Could the results of the first experiment reported in
this paper be due to a mechanism that detects the
change in direction of motion as an onset of motion?
This would imply that there is both a motion termina-
tion (vertical motion stops) as well as a motion initia-
tion (horizontal motion starts). Although the results of
Dzhafarov et al. (1993) and Hohnsbein and Mateeff
(1998) are not directly comparable with the present
study because the methodologies differ, other workers
have conducted experiments on the effect of motion
initiation on the apparent location of an adjacent flash
(Nijhawan, 1992; Khurana & Nijhawan, 1995; Eagle-
man & Sejnowski, 2000), and concluded that when a
flash is presented simultaneous with a motion onset, the
flash appears to spatially lag behind the moving stimu-
lus. The mechanisms responsible for the illusory flash
lag at a motion initiation have been long debated, and
could include a variation in the neural delay at motion
initiation due to attentional shifts (Miisseler & Neu-
mann, 1992; Miisseler & Aschersleben, 1998; Ascher-
sleben & Miisseler, 1999), a predictive neural response
at the instant of motion onset, a low level contrast gain
mechanism (Berry et al., 1999), or a cognitive judgment
bias in the direction of motion (Frohlich, 1929; Roufs,
1974). Regardless of the mechanism involved in the
motion initiation illusion (Frohlich effect), the fact that
the apparent initial location of a moving stimulus is
biased in the direction of motion is consistent with the
facilitation observed just after the change in the bar’s
direction in the present study.

This does not imply that a direction change is equiv-
alent to a motion initiation, however. If this were the
case, then the end of the vertical motion segment in the
first and second experiments should have been taken as
a motion termination; and a flash that is presented
adjacent to the termination of a moving stimulus does
not appear to lag behind the moving stimulus (Eagle-
man & Sejnowski, 2000; Whitney et al., 2000). Yet, in
the first experiment, a flash-lag effect was perceived at
every point around the direction change. So, although
the results of the direction change experiment resemble
those predicted by a subtractive normalization mecha-
nism or a simple addition of motion termination and
initiation responses, there is not enough evidence to
support such a model in these experiments.

5.3. Neural mechanisms

Recently, physiological findings have suggested that
there is a contrast gain mechanism in the retina that
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effectively allows for the ‘anticipation of moving stim-
uli’ (Berry et al., 1999). This mechanism is thought to
produce or contribute to the general flash-lag phe-
nomenon because ganglion cells in rabbit and salaman-
der retinac have peak responses when moving stimuli
first cross their receptive fields. In other words, neural
activity is shifted forward in the direction of motion. It
is not clear, however, how this mechanism would func-
tion in the presence of an abrupt change in direction.

Although anticipatory ganglion cell responses may
contribute to the flash-lag phenomenon in some situa-
tions, they cannot give rise to flash-lag effects that do
not involve retinal motion (Schlag, Cai, Dorfman, Mo-
hempour, & Schlag-Rey, 2000; Sheth, Nijhawan & Shi-
mojo, 2000); likewise, all other mechanisms based on
retinal motion must be ruled out. The omnidirectional
facilitation that we report, however, does not depend
on retinal motion. Motion can be recovered from pur-
sued objects that are stationary on the retina (New-
some, Wurtz, & Komatsu, 1988; Komatsu & Wurtz,
1988), and differential latencies could arise at these
higher stages (e.g. speeded MT responses).

In fact, there is evidence that neural latencies are
relatively short for moving stimuli. For example, the
latency of the population receptive field response is
shorter for moving than for stationary flashed stimuli
(Jancke, Erlhagen, Schoner, & Dinse, 1997), reaction
times to apparently moving stimuli are faster than those
to flashing stimuli (Allik & Kreegipuu, 1998), and the
latency of area MT’s response to rapidly moving stim-
uli is faster than the response of area V'1 (Ffytche, Guy,
& Zeki, 1995).

According to many authors, peak sensitivity to direc-
tion change occurs between 4 and 64° s—! (Ball &
Sekuler, 1982; Orban, de Wolfe, & Maes, 1984; Paster-
nak & Merigan, 1984; Ball & Sekuler, 1987; DeBruyn &
Orban, 1988). The velocity of the moving bar in the
present experiments was well within this range, raising
questions about whether the latency facilitation would
occur in the presence of abrupt direction changes when
velocity is outside peak sensitivity. If the latency advan-
tage for moving stimuli depends on velocity in the same
way that direction discrimination, similar mechanisms
might subserve both direction discrimination and local-
ization of position. In other words, if direction discrim-
ination is necessary for the detection of a moving
stimulus’ position, then sensitivity to direction might
influence the temporal facilitation mechanism proposed
in this study.

6. Conclusions
The experiments reported in this paper support previ-

ous findings that there is a temporal facilitation for
moving stimuli in the form of reduced neural processing

delays. Common forms of motion facilitation are based
on the statistical property that, within a short enough
time window, a moving object will continue along its
established trajectory. Contrary to these intuitive and
well-supported forms of linear trajectory facilitation,
the latency advantage for moving stimuli that we report
is independent of changes in the direction of motion.
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