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Abstract In three experiments, we tested whether sequen-
tially coding two visual stimuli can create a spatial
misperception of a visual moving stimulus. In Experiment
1, we showed that a spatial misperception, the flash-lag
effect, is accompanied by a similar temporal misperception
of first perceiving the flash and only then a change of the
moving stimulus, when in fact the two events were exactly
simultaneous. In Experiment 2, we demonstrated that when
the spatial misperception of a flash-lag effect is absent, the
temporal misperception is also absent. In Experiment 3, we
extended these findings and showed that if the stimulus
conditions require coding first a flash and subsequently a
nearby moving stimulus, a spatial flash-lag effect is found,
with the position of the moving stimulus being misper-
ceived as shifted in the direction of its motion, whereas this
spatial misperception is reversed so that the moving
stimulus is misperceived as shifted in a direction opposite
to its motion when the conditions require coding first the
moving stimulus and then the flash. Together, the results
demonstrate that sequential coding of two stimuli can lead
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to a spatial misperception whose direction can be predicted
from the order of coding the moving object versus the flash.
We propose an attentional sequential-coding explanation
for the flash-lag effect and discuss its explanatory power
with respect to related illusions (e.g., the Frohlich effect)
and other explanations.

Keywords Attention - Visual illusions - Prior entry

At every moment in time, a multitude of visual stimuli
impinge on the human retina, but only a few of these
stimuli are selected for purposes such as perception, in-
depth processing, or action control. Attending to different
visual locations, stimuli, features, or dimensions boosts the
perception and discrimination of fine visual detail (cf.
Bashinski & Bacharach, 1980; von Helmholtz 1894) and
speeds up processing of visual stimuli at the focus of
attention, as well as subsequent saccades to the attended
stimuli (cf. Posner, 1980; Rizzolatti, Riggio, Dascola, &
Umilta, 1987). At the same time, attending can prolong the
perceived duration of the attended stimuli (cf. Enns,
Brehaut, & Shore, 1999; Mattes & Ulrich, 1998).

Apart from these effects, visuospatial attention can also
contribute to visual illusions. As everyday observers, we
are barely aware of these illusions. We naively presume that
the temporal and spatial features that we perceive reflect the
physical properties of distal objects. Beginning with the
early days of experimental psychology, however, visual
illusions have shown that spatial features of distal objects
can be misperceived (e.g., Frohlich, 1929), and related
research has suggested that attention could be (partly)
responsible for these effects (Miisseler & Aschersleben,
1998). Frohlich observed that the starting position of an
abruptly onsetting moving stimulus was not veridically
perceived. Instead, it was perceived at a position shifted
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farther along its motion trajectory. According to Miisseler
and Aschersleben, visual perception of the onset position of
the abruptly onsetting moving stimulus depends on allocat-
ing attention to its position and is therefore beset with a
delay corresponding to the time it takes for attention to
focus on the moving stimulus. As a consequence, the
moving stimulus will have a perceived onset location that is
shifted in the direction of the stimulus movement (cf.
Frohlich, 1929). In line with this assumption, several
studies have shown that the Frohlich effect is reduced
when attention is allocated earlier to the motion onset—for
instance, when the position of the abruptly onsetting motion
stimulus is precued (cf. Ansorge, Carbone, Becker, &
Turatto, 2010; Miisseler & Neumann, 1992; Miisseler,
Stork, & Kerzel, 2008).

These results reveal that perceptual illusions caused by
visuospatial attention may be the flip side of the advanta-
geous effects of visuospatial attention: Because the focus-
ing of visuospatial attention is a necessary precondition for
an in-depth representation of a visual stimulus, attention
can also delay the perception of a stimulus if it is initially
misdirected elsewhere. This role of attention as a gatekeep-
er for perception is also supported by another type of
illusion: Selective attention can also modulate visual
illusions concerning the temporal features of visual objects.
In this case, the misperception caused by attention is often
even more difficult to detect. For example, in the
complication experiments, Wundt (1896) noted that his
subjects perceived predictable rhythmic stimuli faster than
unforeseeable stimuli. In these experiments, participants
saw a clock with a rotating hand and had to rate the time at
which they heard or felt a stimulus by indicating the clock
hand position at the time of the perception of the heard or
felt stimulus. Perceptual latency was lower when the stimuli
were repeatedly presented at a rhythmic interval. Wundt
and other researchers ascribed this effect to prior entry:
Focusing attention on a stimulus facilitates stimulus
perception so that an attended stimulus is perceived earlier
than an unattended stimulus. Because attention can be
focused better on an expected rhythmically repeated
stimulus than on a stimulus that cannot be anticipated,
perception of the rhythmic stimulus is faster than that of the
unanticipated stimulus. Already in Wundt’s times, this
interpretation was criticized as reflecting a judgment bias
(cf. Dunlap, 1910), but it was later rehabilitated in light of
more rigorous experiments (e.g., Shore, Spence, & Klein,
2001; Stelmach & Herdman, 1991).

The transient focusing of visuospatial attention could
thus be a mechanism for modulating temporal, and possibly
also spatial, misperceptions or illusions. The mere duration
of the attention shift from A to B might be responsible for a
spatial misperception—for example, when stimulus B is a
moving stimulus and moves along its trajectory while
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attention is first focused on A, such that attention can only
catch up with B at a later point on its motion trajectory (cf.
Baldo & Klein, 1995; Miisseler & Aschersleben, 1998).
However, it is also possible that attention has a different
effect and creates illusions by serving as a temporal marker
for a point of reference for the beginning of a visual
representation that is integrated over a certain duration X (e.g.,
Becker, Ansorge, & Turatto, 2009). According to this line of
thinking, attending to one stimulus A provides the starting
point for the integration of visual information from this (e.g.,
moving) stimulus, such that the representation of the position
of a moving stimulus would be defined by a time window of
some minimal duration (e.g., 80 ms) after the focusing of
attention on A (cf. Eagleman & Sejnowski, 2007). This kind
of temporal marking of a reference point by attention plus
the integration of visual evidence over time elegantly
explains the Frohlich effect, that the position of a moving
stimulus is misperceived in the direction of motion and can
also account for the flash-lag effect (cf. Nijhawan, 1994).
The latter effect denotes the misperception of a moving
stimulus as shifted in the direction of its motion when it is in
fact objectively aligned with a visual flash (Eagleman &
Sejnowski, 2000b).

However, it should be noted that factors besides
attention can contribute to sequential coding and spatial
misperceptions. For instance, in the Frohlich effect, the
initial position on the motion trajectory (and, in fact, each
subsequent position on the motion trajectory alike) is not
only difficult to attend to: The perception of this position is
also delayed because it is subject to visual backward
masking or metacontrast masking (cf. Breitmeyer &
Ogmen, 2006) by the subsequent visual stimulus at the
next adjacent position along the motion trajectory, which
could result in a decreased visibility of the onset position
(cf. Carbone & Ansorge, 2008; Kirschfeld & Kammer,
1999). Hence, the Frohlich effect could also be a
consequence of masking; that is, the initial position of a
moving stimulus is seen as shifted in the direction of
motion because the initial position is backward masked and
does not benefit from prior position priming by a preceding
adjacent stimulus on the trajectory, as would be the case for
all subsequent positions but the initial position of the
moving stimulus. Likewise, in the flash-lag effect, factors
such as the exact contrast of the flash as compared with that
of the moving stimulus, and the resultant temporal head
start of the processing of one stimulus over the other,
determine the extent of the spatial illusion (Purushothaman,
Patel, Bedell, & Ogmen, 1998). The uniting principle of all
of the different mechanisms, however, seems to be the
principle that the temporal precedence of the processing of
one stimulus, position, or feature over the other can lead to
spatial misperceptions, and that attention is but one way in
which this sequential coding could be brought about. In the
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present study, we tested the possibility that sequential
coding in general (Exps. 1 and 2) and attention in particular
(Exp. 3) could be responsible for spatial misperceptions.

Experiment 1

If a spatial misperception, such as the flash-lag effect, is
indeed due to the sequence of the participants’ coding first
the flash and subsequently an aligned moving stimulus
(here, a bar), then we would expect to find that the
participants also perceive the flash as temporally preceding
the aligned moving stimulus at the same position, even if
the two stimuli are presented synchronously at this position.
This prediction will be tested in Experiment 1, in which we
adapted a procedure for the measurement of the flash-lag
effect (Kerzel, 2010; Nijhawan, 1994).

In studies on the flash-lag effect, participants have to
judge the position of a moving bar relative to that of a flash.
In this situation, despite the fact that the two stimuli, flash
and moving bar, are objectively exactly aligned, the flash is
usually perceived to be “lagging” behind the moving bar
(flash-lag effect; Nijhawan, 1994). To test whether under
these conditions the flash is also (mis)perceived to precede
the moving bar in time, we had to introduce a visual change
of the moving bar. The time of this change could then be
compared with the time that the flash was presented. For
that purpose, the moving bar changed its appearance near
the time of the flash. As a consequence, we were able to ask
our participants for their judgments about the spatial
position of the moving bar relative to the flash in one
block, and to report the temporal order of the time of the
change of the moving bar relative to the presentation of the
flash in another block.

If the sequential coding first of the flash and then of the
moving bar is responsible for the spatial misperception of
the moving bar, we should find (a) a spatial flash-lag effect
in the spatial judgment task, with the moving bar perceived
as shifted in the direction of its motion relative to the
position of the flash, when in fact the moving bar and the
flash are objectively exactly aligned, and (b) a temporal
flash-lead effect in the temporal judgment task, with the
flash perceived as appearing earlier than a change of the
moving bar, when in fact the onset of the flash and the
change of the moving bar are objectively exactly
synchronous.

Method

Participants A group of 15 participants participated in the
temporal and spatial judgment tasks of Experiment 1. All
participants had normal or corrected-to-normal vision,
based on prior testing. Two of the participants had to be

excluded because their judgments did not vary as a function
of the stimulus onset asynchrony (SOA) between flash and
change of the bar. Participants were naive with respect to
the experimental hypotheses, and all gave informed
consent.

Materials An Intel Core 2 Duo 2.80-GHz computer with a
19-in. color monitor (liyama HM903DT Vision Master Pro)
controlled the timing of events and generated the stimuli.
Stimuli were presented with a resolution of 1,024 x 768
pixels and a refresh rate of 75 Hz. Participants viewed the
screen from a distance of 57 cm, with the head supported
by a chinrest. For registration of manual responses, we used
a standard keyboard. Event scheduling and response
measurement were controlled by MATLAB and the
Psychophysics Toolbox (Brainard, 1997).

Stimuli See Fig. 1 for a depiction of the procedure in a trial.
The rotating bar was a black (0.5 cd/m?) bar centered on the
gray (4 cd/m?) screen. It had a length of 10.7° and a width
of 0.5°. The bar rotated with a speed of 50 cycles per
minute, with its axis of rotation at screen center. With every
refresh of the monitor (13.3 ms), this bar rotated by 4.0°
angle of rotation. The rotating bar had two gaps, one near
each of its ends. At one point during the revolutions of the
bar, flashes were presented within these gaps. The gaps had
a length of 1.1° and were located with an eccentricity from
the gap’s center of 3.4°. Because the diameters of the
circular flashes were equal to the gap lengths, each flash
fitted into the gap if it was presented aligned with the
rotating bar. The flashes were two white disks (118 cd/m?),
both with a diameter of 1.1° and presented with the same
eccentricity as the gaps: With respect to screen center as a
point of reference, the two flashes were presented at point-
symmetrically opposite positions for a single refresh of the
computer screen.

For the visual change of the rotating bar, this bar was
repeatedly fragmented and completed: During one revolu-
tion, two segments of the rotating bar with lengths of 0.4°
vanished near the gaps of the rotating bar, and during the
next revolution, these segments reappeared. A demo of
Experiments 1 and 2 can be found at http://pptypo3.univie.
ac.at/fileadmin/usermounts/priessh9/FLE _TOJ/FLE _TOJ.
html (Priess 2011).

Design and procedure The experiment consisted of two
blocked conditions, a temporal judgment task and a spatial
judgment task, that were identical with respect to the
stimuli. The blocks were counterbalanced across partici-
pants. In each trial of both the spatial and temporal
judgment tasks, participants had to fixate on a small white
dot at the center of the screen, and they initially saw one to
two revolutions of the rotating bar. After this, the flashes
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Which came first, the onset of
the flash or the change in the

bar?

Please press the right
button if the flash was first,

the left button if the change

of the bar was first.
/ If you have not seen anything,
please do not respond at all.
*
-
/ V4
0/
'0
/
3 revolutions with
1-2 revolutions flash and fragmentation
without flash

Fig. 1 Depicted is a schematic illustration of the sequence of displays
(frames from left to right) in a trial of Experiment 1. A trial started
with the presentation of the moving bar (in the frame on the lower left
of the figure). After a variable time (one or two revolutions of the
rotating bar), two flashes (white disks) were shown. At or near the
flash-onset time, the rotating bar was fragmented or completed
(depending on how the bar looked at the beginning of the trial). This
is depicted in the second frame from left. A trial continued with
another three revolutions, during which the flash was repeated and the

and the changes of the rotating bar were presented
repeatedly for the three concluding full revolutions of the
rotating bar during a trial. In this manner, participants were
able to base their spatial and temporal judgments on their
perception of one particular repeated temporal interval or
spatial distance during all three concluding revolutions of
the rotating bar in a trial.

The flashes were presented either spatially aligned with
the rotating stimulus (0°) or with a spatial distance of an
angle of rotation of 4.0°, 12.0°, 24.0° or 48.0° away from
the rotating bar. The unaligned flashes were equally likely
to be shifted in the direction of the movement of the
rotating bar or against it. In both blocks, orthogonally to the
spatial distance manipulation, the flash could either
temporally lead or lag the change of the rotating bar.
Within a trial, the interval between the onset of the flash
and the change of the rotating bar was fixed. The interval
had a duration of 0, 13.3, 40, 80, or 160 ms. Each temporal
interval thus exactly corresponded to one of the spatial
distances—that is, the bar moved 4° in 13.3 ms, 12° in
40 ms, and so forth—to allow for comparisons between the
magnitudes of the expected temporal and spatial illusions.

On half of the trials, the rotating bar was initially shown
in complete fashion, and the first change of the rotating bar
consisted of an offset of two small segments of the rotating
bar (i.e., a fragmentation) during the first of the final three
revolutions in this trial. On the other half of the trials, the
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bar was fragmented and completed in turn (in the third and fourth
frames from the left). Participants had to either judge the spatial
position of the flash relative to the rotating bar—this was the spatial
task (not depicted)—or judge the temporal sequence between the onset
of the flash and the change (segmentation or completion) of the
rotating bar. An example of the concluding display in the temporal
task is depicted (in the frame on the upper right). The arrows indicate
the direction of motion. The stimuli are not drawn to scale

rotating bar was shown segmented at the onset of rotation,
and the first change consisted of the onset of the two
missing segments (i.e., a completion). Across all condi-
tions, onsets and offsets of segments alternated during
subsequent revolutions (i.e., in the order onset, offset, onset
or offset, onset, offset).

In the temporal judgment task, participants had to judge
whether the flash was perceived temporally before the
change of the rotating bar, or whether the rotating bar
changed before the flash was presented. In the spatial
judgment task, participants had to judge whether the flash
was perceived at a position spatially shifted in the direction
of the motion of the rotating stimulus or opposite to the
direction of this motion. In the spatial judgment task, we
used the nine different spatial distances for the calculation
of the points of subjective equality (PSEs)—that is, the
points of equal frequencies of the two judgments. In the
temporal judgment task, we used the nine different
temporal equivalents of the spatial distances for the
calculation of the PSEs. Because every condition was
tested 30 times, participants completed 270 trials in the
temporal and spatial conditions, respectively.

Results

We used psignifit 2.5.6 to fit data to psychometric curves
and to calculate the PSE for each participant and condition
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individually (Wichmann & Hill, 2001). Thereafter, two-
tailed rtests were used to assess whether the spatial and
temporal PSEs showed a perceptual illusion (i.e., signifi-
cant deviations from zero).

As can be seen in the upper panel of Fig. 2, when flash and
moving bar were presented spatially and temporally aligned,
the flash was judged to spatially lag behind the moving
stimulus on a majority of the trials. This corresponds to a
spatial misperception in the form of a flash-lag effect: The
flash had to be spatially located 10.3° (SE = 4.3°) ahead of
the rotating bar in order to be perceived as being aligned at
the same position as the bar, #12) = 8.42, p < .001. This
spatial shift of 10.3° corresponded to a delay of perception of
the rotating bar relative to the flash of 34 ms (SE = 14 ms).

In the temporal judgment task, participants saw the
change of the rotating bar as temporally lagging the onset
of the flash: When the flash onset and the change of the
moving stimulus were objectively simultaneous, the prob-
ability of reporting that the flash preceded the change of the
rotating bar exceeded the expectancy value of P =.5. On
average, the flash had to be presented 39 ms (SE = 29 ms)
after the change of the rotating bar to be perceived as
simultaneous. This temporal misperception—a temporal
flash-lead effect—was also significant, as indicated by a
mean PSE different from zero, #12) = 4.78, p < .01.

If both the spatial and temporal misperceptions reflected
the same underlying sequence of coding first the flash and
then the rotating bar, the two misperception effects should
be of equal magnitude. To test whether the temporal flash-
lead and spatial flash-lag effects were of equal magnitude,
we calculated the individual differences between the two
misperception effects by subtraction of their time equiv-
alents and performed a ¢ test against zero with the
difference values. The result of the ¢ test was not
significant: #(12) = 0.55, p = .59.

As can be seen in Fig. 2, however, the temporal task was
more difficult than the spatial task. This is indicated by the
fact that the average slope of the function was steeper in the
spatial task (70 ms/inner quartile) than in the temporal task
(15 ms/inner quartile). This slope difference was signifi-
cant: #(12) = 4.96, p < .01. The steeper slope in the spatial
task indicated better adherence with ideal performance (i.e.,
a step function) in that task than in the temporal task.

Discussion

In Experiment 1, we did indeed show that the same
stimulus conditions that produced a spatial flash-lag effect
also produced a temporal flash-lead effect. These results are
in line with a sequential-coding explanation of the flash-lag
effect: that participants first code the flash and delay coding
of the moving object until it has moved farther along its
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axis to stimulus onset asynchronies (SOAs, in ms) on the x-axis, as a
function of task (spatial or temporal) and experiment (Exp. 1, upper
panel; Exp. 2, lower panel). In the spatial task, the y-axis depicts the
probability of the judgment that the rotating stimulus was seen as shifted
in motion direction (= flash was seen as shifted against the direction of
the rotating stimulus), and the x-axis indicates the objective interval
between the onset of the flash and the presentation of the rotating
stimulus at the position of the flash. On the x-axis, a negative objective
SOA in the spatial task means that the rotating bar objectively preceded
the flash at the position of the flash. As can be seen, at the point of
subjective equality (PSE; i.e., a judgment probability of P =.5) the SOA
was negative in Experiment 1 (upper panel) but not in Experiment 2
(lower panel). This means a misperception in the form of a spatial flash-
lag effect obtained in Experiment 1, but not in the control conditions in
Experiment 2. In the temporal task, the y-axis depicts the probability of
the judgment that the onset of the flash preceded the change of the
rotating stimulus, and the x-axis shows the objective interval between
the onset of the flash and the change of the rotating stimulus. On the x-
axis, a negative objective SOA in the temporal task indicates that the
visual change of the rotating stimulus objectively preceded the onset of
the flash. As can be seen, at the PSE (judgment probability of P = .5)
the SOA was negative in Experiment 1 (upper panel) but not in
Experiment 2 (lower panel). This means a misperception in the form of
a temporal flash-lead effect, obtained in Experiment 1 but not in
Experiment 2
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trajectory, which creates the impression that the flash lags
behind. However, it is not yet certain whether sequential
coding was indeed responsible for the spatial mispercep-
tion. It could be argued that the sensory features of the
rotating bar’s motion (or position), on the one hand, and of
the changes of the rotating bar, on the other hand, were not
the same. For instance, theoretically, judgments about the
position of the moving bar could always be based on the
onset of the flash, but temporal judgments had to be based
on the bar’s offset at least for one revolution of the bar.
Given the differences in the sensory features that could be
used for the two different judgments, it is possible that the
two illusions are based on different underlying mecha-
nisms. At least, these differences make it difficult to link
the temporal misperception of the change of the rotating bar
closely to the spatial misperception created by the motion
of the rotating bar.

Moreover, comparisons between the conditions are
complicated by low-level feature differences between the
conditions: First, note that the flash in Experiment 1 was
white, whereas the bar was black. If processing a white
flash is faster than processing a (change in a) black bar, the
temporal precedence of the sensory processing of the white
flash over the change in the bar could also account for the
coding of the flash before the change of the bar. Second, the
flash consisted of a fast onset—offset sequence, whereas the
onsets and offsets of the bar were separated by a longer
interval. If processing of an onset was faster than process-
ing of an offset, or vice versa, participants could have
always based their spatial judgments about the flash on the
faster of these two features (e.g., onset of the flash), but
would have been forced to base their temporal judgments
about the change of the bar on the slower of the two
features at least once per each trial (e.g., offset of
segments).

What is needed to show that the temporal and spatial
misperceptions are based on the same underlying mecha-
nism is an additional joint manipulation of the illusions, this
time with identical low-level features for the spatial and
temporal decisions. This was done in Experiment 2.

Experiment 2

Experiment 2 critically tested whether the two mispercep-
tions of a spatial flash-lag effect and a temporal flash-lead
effect can be also manipulated in a predictable similar
fashion (cf. Eagleman & Sejnowski, 2000a). Specifically,
we expected that the sequence of first attending to the flash
and then to the rotating stimulus should no longer be a
preferred strategy when the moving bar stops at the time of
the flash. This holds because if both flash and moving
stimulus vanish at or near the point of their spatial
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alignment, the offsets of both stimuli can equally serve as
a signal to start encoding the relative positions of these
stimuli. This should eliminate the temporal flash-lead effect
and, as a consequence, the spatial flash-lag effect.

In line with the second of these predictions, Eagleman
and Sejnowski (2000b), among others, showed that the
spatial flash-lag effect indeed disappears when a rotating
stimulus stops its motion (and offsets) near or at the very
moment that the flash appears and disappears. However,
Eagleman and Sejnowski (2000b) did not test whether a
temporal flash-lead effect was also absent under these
conditions. If we are right that the more variable sequential-
coding strategies (of either first the flash and then the
rotating bar, in some trials, or first the offset of the rotating
bar and then the flash, in other trials) are responsible for the
absence of the spatial illusion in stopped-motion conditions,
the temporal flash-lead effect should be abolished together
with the spatial flash-lag effect.

In Experiment 2, we tested this prediction by assessing
temporal order judgments and spatial judgments when the
flash was presented close to the offset of the moving bar.
Deviating from the procedure of Experiment 1, the bar was
always completely visible (never fragmented), and partic-
ipants had to base their temporal order judgments and
position judgments on the same event: the stopping of the
bar.

In sum, according to the sequential-coding account, we
expected that the flash-lead effect in the temporal judg-
ments and the flash-lag effect in the spatial conditions
would be eliminated in Experiment 2, because there would
be no incentive to prioritize the flash (or the moving object)
first and to always encode the position of one particular
stimulus first. On the other hand, if the temporal misper-
ception is unrelated to the spatial misperception, there
would be no reason to expect that a manipulation that
affected (here, eliminated) the spatial misperception should
also similarly affect (here, eliminate) the temporal
misperception.

Method

Participants A group of 15 new participants took part. All
of them did the temporal and the spatial judgment tasks and
had normal or corrected-to-normal vision, based on prior
testing. Again, 2 participants had to be excluded because
their judgments did not vary as a function of the SOA
between the flash and the stopping and offset of the bar.
The participants were naive with respect to the experimental
hypotheses and gave informed consent.

Apparatus, stimuli, design, and procedure These were
identical to those aspects of Experiment 1, except for the
following differences: The rotating bar did not change its
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appearance but instead stopped its motion and vanished at
or near the time of the onset and offset of the flash. In the
temporal judgment task, the participants judged the onset of
the flash relative to the stopping (or offset) of the bar.

Results

The data were treated as described in Experiment 1.
Figure 2 (lower panel) depicts the results of the spatial
and temporal judgment tasks. There was a small spatial
flash-lead effect of 5.32 ms (SE = 7.33 ms) in the spatial
judgment condition, and also a small temporal flash-lead
effect of 4.88 ms (SE = 17.81 ms) in the temporal judgment
condition. The spatial flash-lead effect was significant, #(12) =
2.62, p = .02, but the temporal flash-lead effect was not, ¢
(12) = 0.99, p = .34. Both effects are too small to explain the
results of Experiment 1 and are not within the range (or
direction) of the typical flash-lag illusion.

Again, we found that the temporal task was more difficult
(slope = 40 ms/quartile) than the spatial task (5 ms/quartile).
This difference was significant, #(12) = 3.76, p < .01.

Discussion

According to the sequential-coding explanation, Experiment 1
resulted in a temporal flash-lead effect and a spatial
flash-lag effect because the flash served as a temporal
marker to start encoding the positions. This encouraged
participants first to allocate attention to the flash and
encode its position. As a result, encoding of the position
of the moving object was delayed, so that it had
traveled farther along the trajectory at the time that
attention was finally allocated to it, leading to the
spatial misperception that the flash was lagging behind
the moving object. Both the temporal and spatial
illusions were eliminated in Experiment 2 because both
the stopping of the motion and the offset (or onset) of the
flash could serve equally well as temporal markers to start
encoding the positions of flash and moving object. Since
there was no systematic preference for first encoding the
position of one object over the other, both the temporal
and spatial misperceptions were eliminated.

The sequential-encoding explanation certainly consti-
tutes the most parsimonious explanation of the findings of
Experiments 1 and 2. However, the findings so far do not
necessitate an explanation in terms of preferential encoding:
Since the main finding of Experiment 2 was a null effect, it
is, for instance, still possible that the differential outcomes
were driven by differences in low-level features that were
present in Experiment 1 but were eliminated in Experiment
2. Experiment 3 critically tested a low-level explanation

against the attentional explanation proposed in the
sequential-coding account.

Experiment 3

Experiment 3 provided a critical test of the sequential-
coding account, by varying only the incentive to attend first
to the flash versus the continuously rotating object, while
keeping the low-level visual features identical across all
conditions. Hence, if the previous findings of a temporal
flash-lead effect and a spatial flash-lag effect were due to
differences in the to-be-judged low-level visual features,
then we would expect no differences between the temporal
and spatial (mis)judgments in Experiment 3. If, on the other
hand, the findings of Experiments 1 and 2 were due to
sequential coding—here, the fact that the flash was
processed with priority versus no priority—and this
accounted for the spatial flash-lag effect and the absence
thereof, respectively, in the two experiments, then Experiment
3 should show a markedly different result pattern: Specifi-
cally, when the stimulus conditions encouraged coding the
position of the rotating object first, the flash should be
perceived later in time, leading to a reversal of the spatial
misperception of a flash-lag effect into a spatial flash-lead
effect. If, on the other hand, participants were encouraged to
first attend to the flash as the starting signal to begin
encoding stimulus positions, the flash should then be
perceived first, leading to a delay in the encoding of the
rotating object and a spatial flash-lag effect.

This prediction was tested using a jumping (stroboscop-
ically moving) bar as a substitute for the flash. Both the
jumping bar and the moving bar travelled on aligned
trajectories like the hands of a clock around a virtual hub at
the screen center (see Fig. 3, lower right panel). To
counterbalance the eccentricities of the stimuli, in Experi-
ment 3a, the rotating bar travelled on the more eccentric
trajectory and the flashed or jumping bar on the less
eccentric trajectory, while in Experiment 3b, the trajectories
were reversed. The rotating bar continuously travelled
smoothly with 20 revolutions per minute (1 cycle/3 s).
The flashed or jumping bar also revolved 20 times per
minute. However, it did so in strobe motion, with an
interval of 750 ms between its flashed static presentations at
each of the four orthogonal cross-hair positions
corresponding to 12 o’clock, 3 o’clock, 6 o’clock, and 9
o’clock along the trajectories. These will be called the
“comparison positions,” because they were the only
positions where the moving and jumping bars were
spatially near enough to be compared to one another.

At the beginning, the jumping and continuously moving
bars were shown with a spatial offset, and the participants’
task was to adjust the interval between the flashed/jumping
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Fig. 3 Space—time plots (upper row and lower left panel) and
schematic illustration (lower right panel) of the sequence of events
in Experiment 3a. In the “code the jumping bar first” conditions, the
jumping bar is only visible at a comparison position when the rotating
bar has reached this position (upper left and lower left panels). In the
“code the rotating bar first” condition, the order is the other way round
(upper right panel): The jumping bar is visible at the comparison
positions before the rotating bar has reached these positions. The
lower right panel gives a schematic illustration of the stimuli and their
sequence. The inner bar (black “jumping bar”) jumps from one cross
hair to the next (referred to as “possible positions,” in gray, in the
figure). The outer bar rotates smoothly with 20 rpm on a slightly
larger circular trajectory. The task of the participants was to alter the
timing between the two stimuli so that both bars would be perceived
as exactly aligned at each cross hair (or comparison position) at the
moment the inner bar jumped to this position or the outer bar passed
this position. In this manner, we manipulated whether our participants
would first code the jumping bar or the rotating bar. Participants
pressed keys to vary the exact relative timing of the jumping and
rotating bars. For further details, refer to the Method section.
Experiment 3b was the same, but the eccentricities of the jumping
bar and the rotating bar were reversed; that is, the jumping bar was
presented in a slightly larger circular trajectory than the rotating bar.
The stimuli are not drawn to scale

bar and the rotating bar until the flashed/jumping bar was
perceived as being exactly aligned with the rotating bar.

Importantly, in both Experiments 3a and 3b, we
manipulated the sequences of coding the two bars. In one
blocked condition, the “code the rotating bar first”
condition, the jumping bar was presented first at each
comparison position and remained there for 750 ms, so that
the rotating bar had to “catch up” with the flashed bar. The
bars were objectively correctly aligned when their
positions matched at the last refresh that the flashed
bar was (still) at the comparison position, before it
jumped to the next position. Accordingly, participants
were instructed to align the interval of the rotating bar
so that its position matched the position of the flashed
bar directly prior to its offset.

@ Springer

In this condition, attention had to be deployed first to the
moving bar, because its arrival was critical for making the
required comparison. If, at a comparison position, attention
was first deployed to the rotating bar and subsequently to
the jumping bar, then perception of the jumping bar would
be delayed, so that it would often have arrived at the next
position by the time it was perceived. Hence, we would
expect a reversal of the spatial misperception—that is, a
spatial flash-lead effect—in this condition: Participants
should create objectively positive intervals giving the
rotating bar a head start over the flashed bar for the two
bars to be perceived as aligned.

In the other two, “code the jumping bar first” conditions,
the contingencies of the flashed and moving bars were
reversed; now, the continuously moving bar preceded the
onset of the flashed/jumping bar by almost 1/4th of the
trajectory, so that the continuously moving bar arrived first
at each comparison position and had almost reached the
next comparison position before the offset of the flashed
bar. Participants had to adjust the interval of the rotating bar
until its position appeared aligned with the onset of the
flashed bar at the comparison position: The stimuli were
objectively correctly aligned when the position of the
rotating stimulus matched the position of the flashed bar
at the first refresh that it appeared at the comparison
position. In this condition, attention should be deployed to
the flashed/jumping bar, because it signals the possibility of
making the required comparison, and speeded processing of
the position of the flashed bar at its arrival was now critical
for the decision.

If the flashed (or jumping) bar was attended first in the
“code the jumping bar first” condition, perception of the
rotating object should be delayed so that it would be
perceived at a position farther along the trajectory. This in
turn should result in the typical illusion of a flash-lag effect:
To align the perceived locations of flashed and rotating bars
at the comparison positions, participants should give the
flashed bar a small objective head start over the rotating
bar.

In one of the blocked “code the jumping bar first”
conditions, we used jumping bars with a flash duration of
750 ms, to render the results compatible with the results of
the “code the rotating bar first” condition, and in a second
block, we used jumping bars with a flash duration of one
frame or 16.6 ms. The latter condition was included as a
control, to test whether judgments were biased toward the
offset of the 750-ms flashed bar. Such a bias could easily
account for the flash-lag effect in the condition in which the
flashed bar was visible for an extended duration (e.g., the
750-ms condition) and only its onset position matched the
position of the rotating bar. To ensure that the effect
observed in the 750-ms condition reflected the classical
flash-lag effect and not a bias to skew judgments toward the
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offset of the flash, the results obtained in the long-
presentation condition (750 ms) were compared to the
results in the short-presentation condition, in which the bar
was flashed only for a single frame. If the results did not
differ between the conditions, we could be relatively certain
that the judgments were based on the same features, the
onsets of the flashed bars, in both presentation conditions of
the “code the jumping bar first” condition.

Our manipulation proved to be so strong that it could
easily be seen by virtually everyone (see http://ppcms.
univie.ac.at/fileadmin/usermounts/priessh9/jumpingDemo.
html).

Method

Participants of Experiments 3a and 3b Because everybody
could see the illusion in our Web demo, only 5 voluntary
observers, including the first author (H.-W.P.), were tested
for an illustration of the effect. All had normal or corrected-
to-normal vision, based on prior testing. Again, all gave
informed consent.

Apparatus of Experiments 3a and 3b A PC with a 21-in.
color monitor (Eizo Flexscan T 962) and a resolution of
1,024 x 768 pixels controlled the timing of the events and
generated the stimuli. Event scheduling and response
measurement were controlled by MATLAB and the
Psychophysics Toolbox (Brainard, 1997). Control of gaze
direction at the center of the screen was secured with an
SMI RED-II eyetracker.

Stimuli of Experiment 3a See also Fig. 3. The stimuli were
white bars (94 c¢d/m?) on a dark gray (4 cd/m?) background.
The viewing distance was 83 cm. Both bars had a length of
1.62° and a width of 0.27° circling around (and pointing
toward) screen center. The jumping bar was presented on a
less eccentric trajectory and the rotating bar was shown on
a more eccentric trajectory: The jumping bar’s less
eccentrically presented end was centered on the screen,
whereas the rotating bar’s less eccentrically presented end
was shown with a 2.16° distance from the screen center.
Thus, there was a 0.54°wide gap between the more
eccentric end of the aligned jumping bar and the less
eccentric end of the rotating bar. Both bars travelled
clockwise around the screen center with a speed of 20
cycles per minute. The rotating bar moved smoothly across
the screen: It was shown at adjacent positions on its motion
trajectory, with an SOA of 16.6 ms and an interstimulus
interval (ISI) of 0 ms between its successive presentations.
In different blocks of the “code the jumping bar first”
condition, the jumping bar was presented for either 750 ms
(with an ISI of 0 ms) or flashed for 16.6 ms (i.e., one

refresh of the computer screen) and an SOA of 750 ms at
the four comparison positions on its motion trajectory—at
the 12 o’clock, 3 o’clock, 6 o’clock, and 9 o’clock
positions. In the “code the jumping bar first” conditions,
the rotating bar was almost at a comparison position when
the jumping bar caught up with the rotating bar to complete
the pair of bars at a comparison position. In a final, blocked
“code the rotating bar first” condition, the jumping bar was
always presented first at a comparison position (for a
duration of 750 ms in total), and the rotating bar completed
the pair of bars at this position.

Stimuli of Experiment 3b Everything was exactly the
same as in Experiment 3a, but the rotating bar was
shown on the less eccentric trajectory and the jumping
bar was shown on the more eccentric trajectory. (Our
expectations were the same as in Exp. 3a. If the same
results were observed in Exps. 3a and 3b, we could
rule out that eccentricity differences accounted for the
expected results.)

Procedure of Experiments 3a and 3b A block started with
a nine-point eyetracker calibration. If a participant failed
to fixate on the center of the screen during a trial, the
trial was discarded and repeated at a later point of the
experiment. Each of the two “code the jumping bar
first” conditions (with 750-ms and with 16.6-ms
durations of the jumping bar, respectively) and the
“code the rotating bar first” condition were presented in
separate blocks. Block order varied randomly between
participants. In the “code the jumping bar first”
conditions, participants had to wait for the jumping
bar to complete a pair of bars for a judgment of the
bars’ alignment, and in the “code the rotating bar first”
condition, participants had to wait for the rotating bar
until they could judge the bars’ relative positions.
Each block started with an instruction for the following
task and three warm-up trials, during which fixation was
successfully held at screen center and the temporal interval
was adjusted. After the warm-up, the answers from 16 trials
per condition were recorded for analysis. At the outset of
each trial, the two bars were presented with a temporal
asynchrony of 1/4 revolution at the comparison positions,
and the participant’s task was to adjust the interval between
the two bars so that the rotating and jumping bars were
perceived as aligned at the comparison positions. In all
conditions, participants pressed a right key to increase the
temporal interval between the two moving bars and the left
key to reduce the temporal interval. After perceiving both
bars aligned at the comparison positions, the participant
pressed the space bar to confirm that he or she saw the bars
as aligned, and the next trial began with the rotating bar
either temporally leading or lagging the jumping bar.
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Participants were not instructed to explicitly code either the
jumping/flashed bar or the rotating bar first. Instead, the
different orders of sequential coding were suggested by the
way that the stimuli were presented to the participants, with
either the jumping bar or the rotating bar completing the
pair of stimuli at a comparison position.

Eye movement control in Experiments 3a and 3b Sometimes
spatial illusions, such as the flash-lag effect, can be
altered by and confounded with eye movements. This
does not seem to be the case with the present procedure
(compare with the Web demo), but as a security
measure, we recorded eye movements. Trials on which
the measured gaze position deviated by more than 0.81°
from the center of the fixation point were discarded and
later repeated.

Results

Results of Experiment 3a Spatial misperception was in-
ferred from the participants’ created (or selected) objective
temporal intervals between the two bars (the rotating and
jumping bars) for their perception of spatial alignment of
the two bars. For the results, see also Fig. 4.

As expected, in the “code the jumping bar first”
conditions, a spatial flash-lag effect was found, and
participants had to compensate for the delayed perception
of the rotating bar, so that the mean intervals were negative.
With the long presentation of the flashed bar (750 ms),
participants created a mean interval of —85.93 ms (SD =
33.75 ms; within-participants SD [SDyinin] = 33.48 ms),
and in the short-presentation condition (16.6 ms), they
created an interval of —=51.08 ms (SD = 17.42 ms; SDyithin =
22.56 ms). This means that in the “code the jumping bar
first” conditions, the rotating bar had to be presented at
least 51 ms prior to the jumping or flashed bar at the
comparison positions for the participants to perceive both
bars as aligned at these positions.

By contrast, in the “code the rotating bar first”
condition, the mean interval was 50.23 ms (SD =
21.33 ms; SDyimin = 31.43 ms). This means that, as
expected, the jumping bar had to be presented 50 ms
before the moving bar at the comparison positions for the
participants to perceive the two moving bars as spatially
aligned at these positions.

Results of Experiment 3b Experiment 3b replicated these
results. In the long-presentation condition (750 ms) of the
“code the jumping bar first” condition, the rotating bar had
to precede the jumping bar by an interval of =66 ms (SD =
19.33 ms; SDyithin = 22.65 ms), and with the short
presentation duration (16.6 ms), the rotating bar had to
precede the jumping or flashed bar by —54.33 ms (SD =
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Fig. 4 Participants’ average created intervals between the jumping
bar and the rotating bar for their perception of both bars as aligned.
Individual values represent the mean values of 16 measurements. The
black line shows the mean values of all 5 observers. (Upper panel)
Results of Experiment 3a. In the “code the jumping bar (750 ms) first”
condition, the rotating bar had to precede the jumping bar by an
average of 86 ms to be perceived as aligned with the jumping bar. This
means that the rotating bar was perceived with a delay of 86 ms.
Correspondingly, in the “code the jumping bar (16.6 ms) first”
condition, the rotating bar was perceived with a delay of 51 ms. By
contrast, in the “code the rotating bar first” condition, the jumping bar
rather than the rotating bar was perceived with a delay of 50 ms.
(Lower panel) Results of Experiment 3b. In the “code the jumping bar
(750 ms) first” condition, the rotating bar was perceived with a delay
of 66 ms. In the “code the jumping bar (16.6 ms) first” condition, the
rotating bar was perceived with a delay of 54 ms. By contrast, in the
“code the rotating bar first” condition, the jumping bar was perceived
with a delay of 14 ms

14.08 ms; SDyimin = 19.39 ms) for the two bars to be
perceived as spatially aligned at the comparison positions.

By contrast, in the “code the rotating bar first” condition,
the jumping or flashed bar had to precede the rotating bar
by 13.95 ms (SD = 17.17 ms; SDyihin = 40.18 ms).
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Discussion

Experiment 3 showed that sequentially coding two different
bars, one rotating and one flashing, in turn can cause a
spatial misperception of the relative location of the rotating
bar. This was evident from the fact that we were able to
manipulate the direction of the spatial misperception by
forcing the participants to code first either the flashed/
jumping bar or the rotating bar at a particular position. If
the participants coded the rotating bar first and then the
flashed/jumping bar, a reversed spatial misperception to the
typical flash-lag effect, a spatial flash-lead effect, was
observed. Only if the participants coded the flashed/
jumping bar first and then the rotating bar was the rotating
bar seen as shifted in the direction of its motion. These
spatial misperceptions are almost certainly a consequence
of differences in the orders in which the bars were
sequentially attended.

The different judgment conditions were absolutely
identical in terms of their low-level features. This rules
out any alternative explanation of the spatial misperception
in terms of other latency differences, such as in the
processing of the bars’ visual low-level features. In line
with this conclusion, the few low-level features that
discriminated between the two stimuli to be compared in
the present experiment, such as their exact eccentricity,
their continuity of motion, and their overall duration
affected the size of the misperception, but not its direction.
The direction of the misperception effect—that is, whether
a negative or positive interval was created for the
participants’ perception of spatial alignment—was governed
solely by the sequence of coding the two bars. By exclusion of
the alternative explanations in terms of sensory differences as
the responsible factors for the sequence of coding the bars, the
results thus supported the assumption that the sequence of first
attending to one stimulus and then the other must have created
the spatial misperception.

This interpretation could be criticized on grounds that
the task differed between the two conditions. Participants
had to align the position of the rotating bar with the
jumping bar just prior to its offset in the “code the rotating
bar first” condition, whereas they had to align it with the
jumping bar’s first refresh (or onset) at a comparison
position in the “code the jumping bar first” condition. It
might thus seem that the different results could be due to
the stronger or weaker potential of the jumping bar to
capture attention, because past research has seemingly
demonstrated a unique role of onsets for capturing attention
in a stimulus-driven way (cf. Yantis & Jonides, 1984). This,
however, is unlikely. First of all, subsequent studies have
shown that offsets have a strong potential to capture
attention, too: If the onsets are task-relevant, they capture
attention, and if the offsets are task-relevant, they capture

attention instead (Atchley, Kramer, & Hillstrom, 2000).
Secondly, in line with this flexibility of attentional control
(and more to the point), Baldo, Kihara, Namba, and Klein
(2002) tested the flash-lag effect in response to a flash of a
duration of a single refresh and in response to a stationary
object’s onsets and offsets, and they found a flash-lag effect
across all three conditions, with an even larger flash-lag
effect in the offset condition. These results demonstrate that
the effects were not due to the difference of aligning the
onset versus offset with the position of the rotating bar."

However, one observation in Experiment 3 was not
expected: The spatial misperception in the “code the
rotating bar first” condition was stronger in the conditions
in which the rotating bar was at a more eccentric position
on the screen. If the rotating bar was presented less
eccentrically, the necessary interval to compensate for the
earlier coding of the rotating bar was significantly smaller
(13 ms) than when the rotating bar was presented more
eccentrically (50 ms), #4) = 4.06, p = .02. Two possible
explanations can conceivably account for this difference:
First, it is possible that this effect was due to metacontrast
masking, which has been reported to be weaker for less
eccentric positions and increases with more eccentric
stimulus positions (cf. Bridgeman & Leff, 1979). More
effective masking of preceding stimulus positions by
subsequent stimulus positions on the motion trajectory is
known to contribute to the misperception of moving stimuli
(cf. Kirschfeld & Kammer, 1999) and would have further
delayed perception of the position of the moving object,
increasing the illusion of a spatial offset. Second, it is
possible that the flash-lag effect was reduced because the
moving bar had a lower tangential velocity when it was
presented nearer to the screen center, and correspondingly,
may have appeared less displaced (Nijhawan, 1994).

General discussion

In the first experiment, we showed that a spatial misper-
ception, such as the flash-lag effect, co-occurs with a
temporal misperception. Experiment 1 revealed that, in the
typical stimulus conditions of a flash-lag effect, our
participants perceived a flash as temporally preceding a
concomitant change of a continuously rotating bar when the

"' The findings of Baldo et al. (2002) are also consistent with the
present findings, since participants in the previous study were not
instructed to attend to the moving object, but presumably attended first
to the offset. Moreover, in Baldo et al.’s study, the offsetting bar did
not reappear at a future position of the trajectory, as was the case in the
present study, so there was no chance that delayed perception of the
jumping bar would result in the perception of the flash leading the
object. Hence, the present findings can be safely attributed to the
differences in the orders in which objects were sequentially coded or
attended.
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rotating bar was perceived to be spatially shifted in the
direction of its motion. These results are in line with the
assumption that sequential coding of flash and moving
stimuli, such as in an attentional account, could be
responsible for the spatial misperception. According to an
attentional account, for example, the flash is usually
attended first because it is presented only very briefly and
thus signals task onset. This leads to its coding before that
of the moving stimulus at or near its position. As a
consequence, perception of the moving stimulus is delayed
so that it is seen shifted in its motion direction, either
because the earlier flash serves as an onset signal for an
integrated perception of the moving stimulus over a few
successive frames (cf. Eagleman & Sejnowski, 2000b) or
because deploying attention to the flash facilitates percep-
tion of the flash but delays perception of the moving
stimulus (cf. Baldo & Klein, 1995).

In the second experiment, we demonstrated that the
temporal and spatial misperceptions not only co-occur but
can be jointly manipulated in a predictable manner. Both of
the misperception effects vanished when the stimulus
conditions did not favor only one particular sequence of
coding the two stimuli. In this condition, the flash and the
rotating bar were presumably coded either simultaneously
or sequentially, where the order of coding randomly varied
between trials. The fact that the flash lag disappeared
alongside the temporal misperception suggests that the
flash-lag effect could indeed be due to sequential coding of
the flash and the rotating bar. The corresponding preference
for one type of sequential coding disappears when there is
no clear incentive to code the position of only one stimulus
prior to the other.

In the third experiment, we showed that the position of a
rotating stimulus can be perceived as lagging or leading a
jumping (or flashed) bar when in fact the two stimuli are
objectively spatially aligned. Experiment 3 revealed that the
sequence of coding the flashing versus the rotating bar was
critical for the direction of the misperception (i.e., spatial
flash-lag effect or spatial flash-lead effect, respectively).
When the jumping bar was presented first at each
comparison position and the rotating bar had to catch up
with it, the movement of the rotating bar towards the
comparison position was critical for the task, and therefore
attention was mainly allocated to the rotating bar. In this
condition, coding the rotating bar first delayed perception
of the jumping bar, resulting in a spatial flash-lead effect.
When the rotating bar was presented first at the comparison
positions and the jumping bar had to catch up with it, the
jumping bar was the critical stimulus and, hence, was first
and foremost attended. Sequential coding of the jumping
bar first and of the rotating bar afterward delayed
perception of the rotating bar, creating a spatial flash-lag
effect.
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The present study is therefore in line with the explana-
tion of the spatial misperception in terms of a sequence of
coding first the flash and then the rotating bar—for
example, by prior entry of an attended flash and a
concomitant delay of the perception of a rotating stimulus,
or in the form of an onset signal provided by the first-
attended-to flash for the integration of visual information
from the rotating stimulus and just after the onset of the
flash. However, we cannot tell whether attention caused the
spatial misperception by serving as a point of reference for
the start of the integration of visual information from the
moving bar over a few successive displays, or by being a
necessary precondition for the perception of the moving
bar. The present experiments do not allow us to distinguish
between these two alternative explanations.

For a long time, it has been claimed that the sequential
coding of stimuli based on a sequence of attending first to
one and then to another stimulus, position, or feature could
be responsible for the participant’s percept of visuospatial
input (cf. Titchener, 1908; see also Neumann & Niepel,
2004; Scharlau, 2002; Scharlau & Ansorge, 2003; Scharlau,
Ansorge, & Horstmann, 2006). However, it has proven
difficult to show that the sequence of sequential coding by
successive attentional focusing could be responsible for
spatial (mis)perceptions. The results of the present study
clearly demonstrate that spatial misperceptions can arise
from differences in allocating attention alone, and thus
confirm earlier attentional explanations of diverse visual
illusions (cf. Baldo et al., 2002; Baldo & Klein, 1995;
Chappell, Hine, Acworth, & Hardwick, 2006; Miisseler &
Aschersleben, 1998).

Specifically, it could be argued that previous results can
partly be explained by reference to processing latencies
between confounded low-level visual features (cf. Kirschfeld
& Kammer, 1999; Nijhawan, 1994; Nijhawan, Watanabe,
Khurana, & Shimojo, 2004; Ogmen, Patel, Bedell, &
Camugz, 2004; Purushothaman et al., 1998). The same could
be said, for example, of the first two experiments of the
present study. Although, together, Experiments 1 and 2 were
also suggestive of a contribution of sequentially focusing
attention to a spatial misperception, such as the flash-lag
effect, we noted that there were also subtle sensory feature
differences between the flash and the rotating stimulus
(which are typical of flash-lag experiments), and these may
have contributed to the observed effects. For example, the
contrast signs of the flash (white) and of the rotating stimulus
(black) were different, and the flash always consisted of
temporally proximal on- and offsets, but the moving stimulus
change consisted of only an on- or offset at a particular point
in time. Previous studies have indicated that such differences
can contribute to spatial misperceptions, such as the flash-lag
effect (cf. Gauch & Kerzel, 2009; Sheth, Nijhawan, &
Shimojo, 2000; Whitney, Murakami, & Cavanagh, 2000). In
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fact, we accidentally confirmed one of these perceptual
factors, eccentricity, as an additional contributor to the
percept in the “code the rotating stimulus first” conditions
of Experiment 3 (e.g., Baldo et al.,, 2002; Kirschfeld &
Kammer, 1999).

Such confounding low-level feature differences, however,
were absent in the present Experiment 3, because the
experimental conditions differed only in the order in which
the stimuli arrived at a particular comparison position,
whereas all of the low-level features were either identical
or balanced across Experiments 3a and 3b. Thus, the large
spatial misperceptions in Experiment 3 were undoubtedly
caused by the sequence of coding first the jumping or the
rotating stimulus. These results indicate that differences in
the deployment of attention may also play a more important
role in visual illusions than is currently appreciated.
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