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It is known that visual perception goes beyond the retinal
image to recover properties of the scene that are only implic-
it1–6. For example, the correct shape of a passing dog is effort-
lessly perceived through the slats of a picket fence despite the
fragmentary retinal image. The perceptual completion that
compensates for partial occlusion is due in part to visual ‘fill-
ing in.’ Similarly, motion is perceived even when the retinal
image is formed by the alternating appearance of two spatial-
ly distinct stationary objects, a phenomenon known as stro-
boscopic or apparent motion7–11. The subjective impression
of an object moving through the empty space between the
motion inducers can be nearly indistinguishable from real
motion, and there is indirect evidence for the presence of a
sequence of intermediate representations during apparent
motion12,13. However there is little direct evidence that the
visual system explicitly represents an object in the motion path.

Here we report four psychophysical experiments in which
the perception of an object is impaired when it appears on the
path of apparent motion compared to when it is off the path.
This finding suggests that the phenomenal experience of appar-
ent motion is accompanied by an explicit filling-in of the
apparent motion path, which can interfere with the perception
of objects in that path. We suggest that areas of the brain that
are specialized for representing real and apparent visual motion
(for instance, the higher visual cortical areas MT or MST) may
send feedback to earlier visual areas to perceptually fill in the
apparent motion path12–16 thereby interacting with visual rep-
resentations of objects in the path.

Results
In the first experiment, observers viewed an arrangement of
four disks flashing on and off in alternation as shown in Fig. 1.
The direction of apparent motion is ambiguous and can be per-
ceived as either vertical or horizontal 10,17; the perceptions can
be controlled experimentally using an occluding surface that
gradually recedes horizontally or vertically to reveal the display

(Fig. 2). Observers had to report which of two target letters
appeared by pressing an appropriate button; the target appeared
on the path of apparent motion on a random half of the trials
and off the path on the remaining trials. This stimulus is useful
in that either vertical or horizontal motion can be perceived
within a single display. Because the on-path and off-path stim-
ulus arrays were physically identical for more than two seconds
between the disappearance of the occluder and the appearance
of the target letter, any effect of the perceived direction of
motion must be attributed to the subjective motion represen-
tation and not to any physical property of the display.

Table 1 shows the mean response time (RT) for each com-
bination of perceived motion and target position. The time
required to correctly identify the target letter was longer when
the target appeared on the motion path (M = 772 ms) than
when it was off the path (M = 723 ms, difference = 49 ms, t(9)
= 4.35, p < .001). For example, the time required to identify a
target in the left location was 698 ms when horizontal motion
was perceived (so the target was not in the motion path), but
increased to 728 ms when vertical motion was perceived (plac-
ing the target on the motion path, as illustrated in Fig. 2).
There was no effect of the placement of the occluder (for exam-
ple, left versus right side for vertical motion and left target),
which rules out the possibility that a visual afterimage of the
occluder or a bias to follow the receding edge of the occluder
with the eyes contributed to the difference seen in Table 1.
Error rates were less than 4% in all conditions.
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Table 1 Mean response times for Experiment 1

Motion Direction Target Position
Top Right Bottom Left

Vertical 706 726 779 728
Horizontal 760 711 875 698

mean off-path: 723     mean on-path: 772
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We suggest that the perception of apparent motion gave rise
to an explicit visual representation of a moving element appear-
ing dynamically in the perceived path of motion, and this inter-
acted with the target representation, slowing target
identification. We refer to this interaction as ‘motion masking.’

It is known that the perceived quality of apparent motion
varies with the spatiotemporal properties of the display, such
as the spatial separation and the temporal interval (stimulus-
onset asynchrony or SOA) between the motion tokens8,9,18,19.
For example, very short and very long SOAs typically yield
reports of ‘flicker’ and ‘succession,’ respectively; reports of
motion are weak or absent. If the observed interaction reflects
an explicit representation of the motion token
moving through space, then variations in
perceived motion quality should yield corre-
sponding variations in the magnitude of
motion masking.

To test this prediction, we used the same
bistable apparent motion display as in our
first experiment, but we manipulated the
quality of apparent motion by varying the
SOA. We asked one group of observers to
directly rate (on a five-point scale) the qual-
ity of apparent motion for each SOA; the
mean ratings are shown in Fig. 3a. The per-
ceived quality of motion followed the
expected inverted-U pattern: the ‘best’
motion occurred with an SOA of 350 ms;
shorter and longer SOAs yielded motion of
poorer perceived quality.

Next, with a new group of observers, we
measured the magnitude of visual interac-
tion at each of these SOAs by recording the
difference in RT for targets on and off the
motion path respectively, using the receding-
occluder method of Experiment 1. For SOAs
up to 350 ms, RT was slower for targets
appearing on the path of apparent motion
than off the path, and the magnitude of this
slowing closely mirrors the perceived quality
of apparent motion (Fig. 3b).

A distinct pattern was observed for the
two longest SOAs (as verified by a significant
interaction between SOA and on-path ver-

sus off-path conditions, F(4, 88) = 8.70, p
< .01). Here identification was somewhat
faster for on-path than for off-path targets.
We speculate that when motion tokens are
integrated over long spatiotemporal inter-
vals, observers may use deliberate attentive
tracking20–22, which could speed target
identification in the tracking path. This
admittedly speculative account will require
further investigation.

Next we sought to manipulate the mag-
nitude of motion masking by exploiting a
phenomenon23 termed ‘path-guided
motion.’ When a dim gray path that links
the positions of the two motion tokens is
briefly flashed during the blank interstim-
ulus interval (ISI) of an apparent motion
display, a strong sensation of motion along
the path is reported (Fig. 4). We reasoned

that if the motion token follows a curved path around the tar-
get, then any interaction produced by the motion should be
reduced or eliminated.

We tested this with a bistable apparent motion quartet using
an optimal 350 ms SOA with dim grey paths flashed for 17 ms
midway through the ISI (Fig. 4); to increase the strength of
path-guided motion, we included a dim green disk on the path.
All ten observers reported that these displays strongly induced
path-guided motion. (No occluder was required because the
motion path was unambiguous.) This manipulation virtually
eliminated the difference in identification time for ‘near-path’
(M = 772) and off- path (M = 763) targets (a difference of 9
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a b cHorizontal motion Vertical motion

Fig. 1. Bistable apparent motion quartet. (a) Motion tokens appear at locations marked
‘1’ for the stipulated frame duration, then disappear during the inter-stimulus interval (ISI),
reappear at locations marked ‘2’ for the frame duration and disappear during the ISI. This
constitutes a single cycle of motion. Typical displays consist of multiple cycles. (b, c) The
display is perceptually ambiguous and can yield either horizontal or vertical motion per-
cepts10.

Fig. 2. Stimulus display, Experiments 1 and 2.
(a) One of the two possible motion percepts
(horizontal or vertical) was evoked by occlud-
ing two of the four motion token locations at
the start of each trial for five cycles, yielding
unambiguous apparent motion between the
two visible tokens. (In this example, vertical
motion is seen between the motion tokens on
the left of the display.) (b, c) The occluder
then gradually receded and finally disappeared.
For the relatively rapid motion frequencies
used here, the perceived direction of motion
rarely changes from what is initially per-
ceived10,17. We verified in a separate control
experiment that the perception of motion
persisted in the same direction as that induced
by the occluder for at least 3.5 s after the
occluder disappeared. (d) After the occluder
disappeared, the motion continued for 3–4
cycles, and then a target letter (E or S) was
revealed by removing two line segments from
one of the four figure-eight placeholders in the
display. In this example, the target letter E is in
the motion path. All sixteen possible combina-
tions of four target positions and four
occluder positions were used equally often;
thus, horizontal and vertical motion paths
were induced equally often. The perceived
motion path either intersected with the tar-
get’s location (as in this example: left target
and vertical motion), or it fell elsewhere (for
example, left target and horizontal motion).
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ms, t(9) = 0.71, ns). The 9-ms difference was significantly
smaller than the 49-ms difference observed in our first exper-
iment (t(18) = 2.27, p < .05), providing evidence for the spatial
specificity of motion masking.

Response time differences can reflect delays in perception,
but they can also arise as a result of later decision-related pro-
cessing. To determine whether motion masking occurs at an
early perceptual level, we employed an accuracy measure in
our final experiment. We measured the contrast threshold
required to discriminate the position of a small gap in a briefly
flashed annulus (a ‘Landolt C’) appearing on or off the path
of apparent motion, which was again manipulated using a
receding occluder. The luminance required to yield 70.7% cor-
rect discriminations was 201 cd/m2 for on-path targets and 186
cd/m2 for off-path targets, a significant difference (t(8) = 2.6,
p < .02). Although the target annulus was always visible, the
location of the gap was not. This result corroborates our RT
findings and suggests that the observed interaction between
apparent motion and real stimuli occurs at a relatively early
point in the visual pathway.

Discussion
We have described four experiments in which the identifica-
tion of a target form was impaired when the target appeared
in the path of apparent motion compared to when the motion
path appeared elsewhere in the display. The physical proper-
ties of the display were the same in both on-path and off-path
conditions, which rules out an account that appeals to lateral
interactions in the retina or early cortex. Two previous stud-
ies reported no masking in the path of apparent motion24,25.
One significant difference between these studies and our own
was the quality of the apparent motion produced by the dis-
plays used in these earlier studies. In the first study24, only a

single cycle of motion was used on each trial and the target to
be detected appeared during the ISI, before apparent motion
could be evoked by the appearance of the second motion
token14. If apparent motion was evoked at all by this stimulus,
it is likely to have occurred after the target was presented. In
the second study25, which used a test that is similar in some
ways to the one we used, the SOA was 600 ms, a value for which
we observed no motion masking (Fig. 3b).

Because the target was equally likely to appear in any of the
four possible locations, it is unlikely that spatially selective
attention contributed to this finding. If anything, an account
asserting that motion draws attention would predict an advan-
tage for targets in the path of motion, which is opposite of
what we observed for the strongest motion stimulus (350 ms
SOA, Fig. 3). It is more likely that observers distributed atten-
tion evenly over the entire display to prepare for the target
when it appeared.

Our findings suggest that there is an explicit representation
of a motion token in the path of apparent motion, which in
turn interacts in a spatially specific manner with representa-
tions of visual form, impairing form discrimination (for relat-
ed evidence, see McNamara, T. P. et al. Annu. Meeting
Psychonomic Soc., Nov. 1998). Two possible mechanisms may
be implicated. The first is cortical feedback from higher visual
areas to lower ones to effect perceptual completion. For exam-
ple, neural activity in areas such as MT or MST, with relative-
ly large receptive fields, represents apparent motion over the
relatively large distances used here26–28. These motion areas
are known to send significant feedback projections to earlier
visual areas29,30. These feedback pathways could send recipro-
cal signals from the motion areas to earlier visual areas to cre-
ate a neural representation of a moving token where there is
no explicit sensory evidence for one. This representation could
then interact with cortical responses to the target letter (Exper-
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Fig. 4. Motion quartets with
paths, Experiment 3. Motion
tokens appeared at diago-
nally opposite corners for
200 ms (a), followed by a
150-ms blank interstimulus
interval (ISI), in the center of
which dim gray paths were
flashed for 17 ms (b). This
was followed by the appear-
ance of the motion tokens in
the remaining corners for
200 ms (c) and finally by the
blank interval and briefly-
flashed motion paths (d).
Several cycles of motion
were presented before one
of the figure-eight placehold-
ers changed to a letter to be
discriminated. The motion
tokens are perceived as fol-
lowing the paths23.

Fig. 3. Data from Experiment 2. (a) Mean ratings of motion quality
on a five-point scale for each SOA. (b) Mean difference in response
time for target identification on and off the path of apparent motion.
Error bars signify one standard error of the mean.
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iments 1–3) or target annulus (Experiment 4) in the motion
path. Other examples of perceptual feedback are consistent
with such a mechanism31–33. Alternatively, feedback to sup-
press motion smear34,35 could, as a side effect, suppress the
neural response to the target letter when it was in the path of
apparent motion.

A second possible mechanism involves lateral interactions
between the dorsal visual pathway, which is generally thought to
represent motion information, and the ventral visual pathway,
which is thought to represent form information36. Although
these are distinct parallel pathways, they are anatomically con-
nected, and interactions between form and motion represen-
tations occupying the same location could well occur29,37–42.
Further psychophysical and neurophysiological investigation
will be required to discriminate between these possibilities.

Methods
All experimental protocols were approved by the Institutional Human
Subjects Review Board at The Johns Hopkins University. Stimuli were
presented on a 21” Nanao F750i monitor refreshed at 60 Hz. The
motion tokens were bright green (397 cd/m2), the placeholders, tar-
get and fixation cross were dim blue (44 cd/m2), and the occluder was
dim red (13 cd/m2) on a black background (2 cd/m2). The center-to-
center horizontal and vertical distance between motion tokens was 5°
visual angle from a viewing distance of 66 cm, controlled by a chin
rest. Motion tokens subtended 52 min visual angle in diameter. Seven-
segment placeholders (13 × 26 min) were positioned at the midpoint
of each edge of the motion quartet. The occluder subtended 4.9° × 7.6°
at the beginning of each trial in Experiments 1, 2, and 4.

Ten observers participated in Experiment 1. The frame duration
was 200 ms and the ISI was 150 ms. An occluder appeared at the begin-
ning of each trial and occluded half the display (two of the four motion
tokens); the occluder receded smoothly over an interval of five 700-
ms motion cycles (3.5 s). After the occluder disappeared, the unoc-
cluded quartet continued in apparent motion for 3–4.5 additional
cycles (randomly selected on each trial), and then the target (E or S)
was revealed by removing two line segments from one of the figure-
eight placeholders. The display remained visible, and the motion con-
tinued, until the observer responded. Each observer completed 128
trials in a single session. Observers were instructed to report (as quick-
ly as possible while minimizing errors) the identity of the target letter
by pressing one of two labeled buttons on a custom response box.

In Experiment 2, one group of 12 observers performed the motion-
quality rating task, and a separate group of 23 observers performed the
target-identification task. The stimulus conditions were identical to
Experiment 1 except the SOA was varied (67, 183, 350, 550, or 1033 ms,
selected randomly for each trial). Each observer completed 160 trials.

In Experiment 3, ten observers performed the target-identification
task. The stimulus conditions were the same as in Experiment 1, except
there was no occluder, and a pair of curved paths (either horizontally
or vertically arrayed) appeared for 16.7 ms midway through the ISI
(Fig. 4). Each path was constructed by displaying a 120% gray arc (2.4
cd/m2) with radius 2.5% visual angle centered at one of the four place-
holder locations. A dim green disk (13.7 cd/m2) was placed at the cen-
ter of each path. Each observer completed 128 trials.

In Experiment 4, the receding occluder procedure of Expt 1 was used
to induce vertical or horizontal apparent motion. The target was a low-
contrast green annulus (diameter 34 min visual angle) that was flashed
for 17 ms at the temporal midpoint of the 150-ms interstimulus inter-
val and at the spatial midpoint of one of the four edges of the motion
quartet. The background was dim gray (20 cd/m2). The target appeared
in each of the four possible spatial locations equally often, selected ran-
domly on each trial, and it coincided with the perceived motion path
on half the trials. The target annulus contained gap subtending a visu-
al angle of 6 min on its right or left side, and the observer was to report
the location of the gap; the response was not speeded.

Eight simultaneous, interleaved adaptive staircases were used to
adjust the luminance of the target for each combination of location and
on- versus off-path conditions using a two-up, one-down rule; this pro-
cedure converges to the luminance required to correctly discriminate
the target on 70.7% of the trials.43 Observers’ adaptive state was equat-
ed across the eight conditions by ensuring that an approximately equal
number of trials was completed in each condition as the experiment
proceeded and by keeping the room moderately lit to prevent dark
adaptation. Each staircase was terminated after five reversals.
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